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ABSTRACT
Self-assembly is scientifically interesting, technologically important, and
sometimes life-threatening. A striking example: Alzheimer’s disease is caused by the
self-assembly of the β-amyloid fragment of amyloid precursor protein. Such natural
amphiphiles normally are very expensive and complicated to isolate. Synthetic mimics
that are much cheaper and easier to prepare can facilitate the development of efficient
characterization methods, even as they suggest new materials science applications.
Two-directional arborols are synthetic bolaform amphiphilic dendrimers. They
dissolve in hot water and form reversible gels at room temperature. Bundles of fibrils,
which are made by self-assembly of arborols, are found in the gels. The properties of
the fibrils are characterized with scattering and microscopy from one hundred micron
meters scale to molecular level at nano meter size. The porous nature inside the gels is
investigated by comparing the diffusion of fluorescently labeled dextrans in arborol
gels with that in water.
The time dependence of the self-assembly of two-directional arborols from short
fibrils to long ones is tracked by microscopy and light scattering. Addition of a onedirectional inhibitor slows the self-assembly. To understand the mechanism, the
properties of the one-directional arborols at the air-water interface are addressed.
The self-associated arborol fibrils can be disassembled by growing gold
nanoparticles in the arborol gels or solutions. In a basic arborol solution or gel, gold
nanoparticles with an average diameter below 50 nm are formed after adding a diluted
gold ion solution. The arborols act as both reducing agents and stabilizers in the
formation of gold nanoparticles. Additionally, the long and thin fibrils in the arborol

xxi

gel/solution are dismantled. As applications, an attempt to build nano-tunnels in the
cross-linked poly(N-isopropyl acrylamide), a temperature sensitive hydrogel, PNIPAM
gel, by replacing the preloaded arborol fibrils with water is discussed.
Finally, encapsulation of the self-assembled fibrils in giant unilamellar vesicles
(GUVs) is tried.

As supplemental information, the size variance of liposomes at

different lipids/arborols ratios is studied by fluorescence photobleaching recovery
(FPR) and light scattering.

xxii

CHAPTER 1. INTRODUCTION
Soaps and detergents have been common, useful, and essential materials in
modern times. A documentary about soap can be found in the Ebers Papyrus, a medical
document from about 1500 B.C., in which a soap-like material was described and used
to treat skin diseases as well as for washing. Such surface activities are associated with
amphiphiles, molecules that consist of both a hydrophobic and a hydrophilic part
(amphi = both). Hydrophilic (hydro = water; philic = loving) molecules dissolve well
in water (a polar solvent), whereas hydrophobic (water fearing) molecules dissolve best
in an apolar solvent.
Nature provides us amphiphiles from ancient soap-like materials, to proteins in
animals and plants. Some of these amphiphiles are beneficial to human beings, while
some may trigger disastrous diseases. The lecithin molecules, which are phospholipids,
have hydrophobic hydrocarbon tails of different lengths and a sugar-like hydrophilic
head group. They form the main part of the cell membranes that serve to delimit and
protect cellular compartments. Hydrophobins, such as cerato-ulmins, are small (about
100 amino acids), moderately hydrophobic proteins. Cerato-ulmin has been found to
lower the surface tension of water at very low concentrations (0.03 µg/mL) and is one
of the toxins responsible for Dutch Elm Disease (DED).1-3
Normally, natural amphiphiles have special functions in their host organisms.
Using them as models has been proven to be an efficient and economical way to
prepare artificial amphiphiles.

Furthermore, new compounds and materials are

designed and prepared with similar or better functions, and these artificial products are
synthetic amphiphiles.
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Most synthetic amphiphiles, usually called surfactants or “surface-active
materials,” are widely used in the detergent, cosmetic, pharmaceutical, and food
industries. They increase the spreading and wetting properties of liquids by reducing
the liquids’ surface tension, and they play a crucial role in the formation of emulsions,
foams, colloidal suspensions, and coatings. Soaps are the most popular amphiphilic
products in the world, and their cleaning properties are based on amphiphiles that
interfere with water and (fatty) dirt materials.
Amphiphilic molecules orientate one domain toward the solvent, while the other
part of the molecules minimizes its interaction with the solvent. In this way, the
amphiphiles reduce the surface tension of the solvent, align according to well-defined
patterns, and give rise to aggregates. The amphiphiles can form different shapes,
including spherical or rod-like micelles, bilayers, vesicles, and inverted aggregates, by
van de Waals forces, hydrogen bondings, or other noncovalent interactions.

The

aggregations formed by those noncovalent interactions are classified as self-assembly.4
Self-assembly is scientifically interesting and technologically important in life.5
Lipid membranes, folded proteins, structured nucleic acids, protein aggregates,
molecular machines, and many others are formed by self-assembly. For example,
Alzheimer’s disease is caused by the self-assembly of β-amyloid proteins.

Self-

assembly also provides a route to molecular crystals, liquid crystals, nanostructures,
and condensed matter science.6;7 Self-assembly can be generally divided into static and
dynamic pathways.8 In static self-assembly, once the formation of ordered structures
like molecular crystals, protein globular, lipid bilayers, protein folding, and so on is
completed, they are stable. More efforts have been applied to static self-assembly. On
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the other hand, life is dynamic. The growth of actin filaments,9 Alzheimer’s disease,10;11
mad-cow disease, and the aggregation of proteins12 are processes of dynamic selfassembly. Compared to static self-assembly, dynamic self-assembly has been less
studied and understood, because its investigation often requires or results in high costs,
difficult characterizations, limited supply of samples, and many other problems that
limit the methods to be used and hinder the processes to be interpreted. If some
synthesized materials that are easily prepared and possess similar self-assembly
processes can be used as models, they will provide an economical and less difficult way
to do the necessary research. For example, the β-amyloid protein fragments that are
responsible for Alzheimer’s disease cost about $300,000 per gram. However, some
synthetic amphiphiles are much cheaper and easier to prepare. If synthetic amphiphiles
have properties similar to the natural ones and can be used as models, they may
enhance the efficiency of the research on natural diseases such as Alzheimer’s disease,
DED, and so on. In this work, as discussed in Chapter 2, it was found that certain
arborols have similar fiber properties as those of β-amyloid. They can form reversible
and rigid rods/fibers by self-assembly, and it is not difficult to imagine synthetic
inhibitors to control or prevent the fiber formation.
The arborol molecules used here were first synthesized by Newkome et al.13
They have a dumbbell shape like other bolaform amphiphiles. Prior to the work here, it
was known that the arborols can be dissolved in warm water and form a gel on cooling.
Inside the gel, fibers networks were found and the fibers were formed by self-assembly
of arborol molecules. Plenty of questions still need to be answered. What is the size of
the fibers; how do the arborols form fibers? How do the polymers and nanoparticles
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move in the gel? Can the growth of fibers be controlled by additives? Can the fibers be
destroyed in mild conditions, etc.? By answering these questions, attempts were made
to develop methods that can be used to better understand Alzheimer’s disease. In
addition, the arborols may facilitate the production of many useful materials.
Chapters are arranged in a way to probe and yield possible answers to these
questions. The synthesis of arborols and physical properties of arborol fibers in wet gels
are in Chapter 2; the diffusion of fluorescently labeled probes in arborol gels are
examed by FPR and interpreted in Chapter 3; the self-assembly and inhibition of
arborol fibers are next in Chapter 4; a strategy for complete destruction of the fibers is
described in Chapter 5; a possible way to build micro-tunnels by replacing the
preloaded arborol fibers with water is introduced in Chapter 6; in the end, the
interaction of arborols with liposomes and the encapsulation of arborol fibers are
discussed in Chapter 7. A concise description of each chapter is as follows.
In Chapter 2, the synthesis of one-, two- and three-directional arborols is
introduced, followed by the discussion of properties of hydrogels formed by twodirectional arborols.

The fiber properties in the wet gel are checked by WAXS,

fluorescence microscopy, atomic force microscopy, and optical microscopy.
effects of concentration and temperature are discussed.

The

In addition, the surface

properties of one-directional arborols are explored.
In Chapter 3, questions about polymers moving in the arborol gels are answered.
A two-directional arborol [9]-12-[9] is used. The width of the [9]-12-[9] fibers is
verified by small angle X-ray scattering (SAXS). Eight different molecular weight
fluorescence-labeled dextrans are used as probes, and their diffusion in water, 3%, and
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6% [9]-12-[9] gels are examined by fluorescence photobleaching recovery (FPR).
Rheology studies are carried out as complements. The behaviors of dextrans moving in
arborol gels are compared with those in high–molecular-weight hydroxypropyl
cellulose solutions, the differences are addressed, and an explanation is proposed.
In Chapter 4, the self-assembly process of a two-directional arborol, [9]-10-[9] is
discussed. The fibers are broken into small fibril fragments by sonication and filtration.
The fragments have uniform hydrodynamic radii and grow with time. Light scattering
(mainly dynamic light scattering) paired with transmission electron microscope are
used to trace the growth of the fragments with time. Some factors, like concentration,
temperature, and sample aging are addressed. A mechanism for this self-assembling
process is proposed. By adding a one-directional arborol [9]-6 as an inhibitor, the
growth of [9]-10-[9] fibrils slows down.
In Chapter 5, the arborol fibers are destroyed by growing gold nanoparticles. The
procedure is simple. By adding gold ions to the arborol solutions, sodium hydroxide is
added to make the pH basic, and no heating or agitation is necessary. A mechanism is
discussed, and it indicates that the arborols act as both reducing agents and stabilizers.
The size of the gold nanoparticles was evaluated by TEM and SAXS. Arborols are
used as reducing agents to grow gold nanoparticles in a temperature-sensitive PNIPAM
hydrogel. The light transmittance below and above the phase transition temperature is
tested.
In Chapter 6, arborols are dissolved in a hot NIPAM (with cross-linker) solution.
The solution forms a gel at room temperature, after which the NIPAM is polymerized.
The arborol fibers then are planted in the PNIPAM gel. The presence of arborol fibers
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is confirmed by cross-polarized optical microscope.

The low critical solution

temperature of the pure PNIPAM and PNIPAM with arborols is determined by both
light transmittance and DSC.
In Chapter 7, the preparation of several kinds of liposomes by extrusion is
reported.

Shape changes of liposomes induced by arborols are checked by light

scattering and FPR. Interaction of melittin with liposomes is used as a model to check
the abilities of FPR to monitor the size changes of liposomes. Encapsulation of arborol
fibers by giant unilamellar vesicles has been attempted, and the preliminary results are
discussed.
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CHAPTER 2. SYNTHESIS AND SOME PHYSICAL PROPERTIES OF
ARBOROLS∗
2.1 Introduction of Arborol Gels
What is a gel? The word “gel” derives from the word gelatin. The opposite of a gel
is a “sol”, or a solution. To find a single definition of gels is difficult. “…the gel is
easier to be recognized than to be defined.” It is a statement made by Jordan Lloyd more
than 70 years ago, which is prophetic.14 So far, the best definition of gel is still from
John Ferry: “Gel is a substantially diluted system which exhibits no steady state flow.”15
Examples of gels are gelatin, Jelly (pectin gels), cross-linked polyacrylate (superabsorbent gels), silica gel (inorganic gel), and plasticized PVC. Gels formed in water are
called hydrogels. They are known to be the key ingredients in a number of biological
systems such as the vitreous humor of the eye and the synovial fluid lubricating skeletal
joints, and the hydrogels have been applied increasingly in industry, e.g. in foods,
deodorants, cosmetics, and chromatography.16
The preparation and properties of gels have become active areas of investigations
since their utility has been demonstrated for various applications.17 Only a few hydrogels
have been prepared by self-assembly of small molecules.18-24 Arborol gels formed by
two-directional arborols in water are the first small molecule hydrogels and are one of a
few that contain fibers.25-29

∗

Portion of the content in this chapter is reproduced with permission, in Polymeric Nanofibers; Reneker D.;
Fong H.; ACS Symposium Series 918, American Chemistry Society: Washington, DC, 2005; pp 370-383.
Copyright 2006 American chemistry society

7

The two-directional ([m]-n-[m]) arborols were first synthesized by Newkome et al.13
They are bolaform amphiphiles30 and consist of two hydrophilic regions, each with m
terminal hydroxyl groups, connected by a linear alkyl chain with the formula CnH2n. An
example appears in Figure 2-1. Arborols dissolve in warm water and gel on cooling.
Fibers are formed by self-assembly of arborols. A network of strands of fibers holds the
water in the gel.
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Figure 2-1. Structure of two-directional arborol [9]-12-[9]

The extended, fibrillar nature of arborol gels is reminiscent of several biological
systems that form networks of extended fibers from proteins, such as F-actin31 and bovine
fibrinogen.32 Arborols are even more efficient in the sense that the starting molecule has
a molar mass of only ~1 kD. A closer biological comparison may be β-amyloid, the 4 kD
peptide comprising most of the plaques found in the brains of patients afflicted with
Alzheimer’s disease.33 Methods for studying β-amyloid and other fibrous biogels can be
developed at lower cost through arborol studies. Arborols provide a simple, synthetic
system whose viscoelastic properties could be controlled by using temperature to adjust
fiber length. Arborols also provide a convenient platform for the exploration of fibrillar
self-assembly and possibly the opportunity to make controlled rigid rod systems. For
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example, designed inhibitors could limit the rod growth to create a self-assembled system
that spontaneously forms a lyotropic liquid crystalline phase, with associated optical and
viscoelastic properties that would last only as long as it is not heated. Such a system
would combine the speed of small molecule liquid crystals with the material efficiency of
comparatively dilute polymer lyotropic liquid crystals.
The study of two-directional arborols was still at its beginning. Fibers, or perhaps
bundles of fibers, were first visualized at low resolution by fluorescence microscopy,
taking advantage of a dye that fluoresces only in a hydrophobic environment such as the
fiber core.34 Freeze-fracture transmission electron microscopy confirmed the presence of
fibers with lengths on the micron scale.35 Long associations of the fibers were evident,
suggesting fibrils; however, jamming of the fibers during the freeze step is a worrisome
artifact in freeze fracture microscopy. Small-angle X-ray scattering (SAXS) on dried
gels further supports the existence of bundled fibrillar structures.35 The model shown in
Figure 2-2 was used to interpret the SAXS results on dried gels. The dumbbell structure
of the arborols was modeled as two spheres, radius r, attached at their center by a line,
length b. To simulate fibers, the dumbbells were stacked orthogonally with a separation
a. When modeling the dried gels, the distance, a, between neighboring alkane chains was
found to be ~ 0.5 nm. The distance b, between two hydrophilic parts of one arborol, was
typically 1.4 nm for most of the dried arborol gels. By modeling multiple fibers, it was
found that certain features of the SAXS pattern on dried gels were consistent with
multiple fibrils. It was not clear whether multiple fibrils, or bundles, were present in wet
gels. Engelhardt, et al., studied the assembly and gelation of a dilute [9]-10-[9] solution
by static and dynamic light scattering.36;37
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The broad light scattering transitions,

compared to the sharper DSC transitions, suggested that weak interconnections between
fiber bundles accounted for gelation.

b

2a

R

Figure 2-2. A model for the formation of a single arborol fibril

The investigations of wet gels involve wide angle X-ray scattering (WAXS),
polarized optical microscopy (POM), fluorescence microscopy after covalent attachment
of a dye label, and atomic force microscopy (AFM) in contact mode. The results are
discussed with a view towards establishing whether or not molecular specifics, such as
spacer length or number of hydrophilic groups, are reflected in the wet gels. The
variations may occur as a result of solvent character and whether gel-stabilizing bundles
exist in the wet gels.
Besides the two-directional arborols, one- and three-directional were synthesized as
well. Like two-directional arborols, the one-directional ([m]-n) arborols were prepared
by a two-step, nucleophilic substitution-amidation, procedure, with yield above 90% for
each step. The surface properties of one-directional arborols, [9]-6, [9]-8, and [9]-10,
10

were studied, and the results were discussed.
synthesized for training only.

The three-directional arborol was

The properties of the three-directional arborol are

addressed in this dissertation.

2.2 Materials and Methods
2.2.1 Reagents
Bromoalkanes, tris(hydroxymethyl)aminomethane (Tris) and palladium on carbon
(10%) were obtained from Aldrich Chemical Co. and used without purification. Me2SO
was dried and stored over 3Å molecular sieves. Anhydrous N, N-Dimethylformamide
(DMF) and benzene were bought from Aldrich and stored under a nitrogen atmosphere.
2.2.2 Molecular Characterization
Arborol purity was tested by proton and
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C NMR, IR, and MALDI-TOF mass

spectrometry. In most cases, the NMR and FTIR signals met expectations.13 In FTIR, a
new preparation of [9]-12-[9] showed a small peak at 1735 cm-1, which suggested the
existence of an ester group. This indicates the incomplete amidization in the last step of
synthesis.

However, the

13

C and proton NMR spectra of this sample matched

expectations for the pure material. Ironically, this was the only arborol sample that gave
an interpretable MALDI-TOF spectrum. Its observed mass (1009) was close to that of
pure [9]-12-[9] (1080) less the difference between one tris(hydroxymethyl)aminomethane group (120) and the ethoxy group (45) it was supposed to displace: 1080 - 120
+ 45 = 1005. HPLC was carried out according to the same methods described in
reference,13 and the results indicated that the purity of this sample was 93%. The new
[9]-12-[9] formed a gel and behaved normally in all regards.
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2.2.3 Solution Preparation
All arborols were dried in a vacuum oven at 40 °C overnight before use. The
solutions were prepared by dissolving arborols in dust-free, de-ionized water from a
Barnstead Nanopure water purification system at about 80 °C.
2.2.4 Wide-angle X-ray Scattering (WAXS)
Wide-angle X-ray scattering was carried out at Stanford Synchrotron Radiation
Laboratory on beamline 1-4. The distance between detector and sample was 700 mm,
and the diameter of the beam stop was 6 mm. At the selected wavelength of 1.488 Å, the
scattering vector magnitudes ranged from 0.48 to 15.9 nm-1. The arborols were dissolved
in water at about 80 °C and then loaded into X-ray capillary cells (Charles Supper) of
diameter 1.0, 1.5 or 2.0 mm, centrifuged to the bottom and sealed by flame. Seven
samples were prepared with five arborols ([6]-7-[6], [6]-8-[6], [6]-10-[6], [6]-11-[6] and
[6]-13-[6]). The arborols were dissolved in Nanopure water or a mixture of methanol and
water (volume ratio = 1:1) respectively to make a 5% solution. The samples prepared
from arborols [6]-7-[6] and [6]-8-[6] did not form gels, and the solubility of [6]-13-[6] in
water was not high enough to make a 5% solution. A Mettler FP80 microscopy oven
provided convenient and rapid temperature control. The background scattering was
measured from Nanopure water at 25 °C.
2.2.5 Microscopy
Cross-polarized light microscopy studies were made on an Olympus-BH outfitted
with a Kodak DC290 digital camera. The [9]-12-[9] arborol was dissolved in water at
about 80 °C. One end of a rectangular microslide (0.1 x 4.0 mm, Vitro Com Inc.) was
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flame sealed. The open end was inserted into molten [9]-12-[9] arborol solution, and
sample was drawn into the microslide when trapped air contracted on cooling. The
solution was centrifuged to the sealed end of the microslide before gelation could take
place. To evenly distribute the gel, the sealed microslides were heated again and then
centrifuged.
2.2.6 Fluorescence Microscopy and Labeling of Arborol
The experiments were carried out on a Leitz Metallux 3 epi-illumination
microscope fitted with a K2 BIO confocal adapter, a Nipkow disk design.38 Images were
acquired with a Dage 66 SIT (silicon-intensified target) camera. An FITC filter cube was
selected.

Arborols were labeled by 5-(4, 6-dichlorotriazinyl)-aminofluorescein (5-

DTAF), which is an effective dye for labeling hydroxyl groups.33;39;40 Arborol [9]-12-[9]
(24 µmol, 25.6 mg) was dissolved in Nanopure water to a concentration of 3 mg/mL,
heated to dissolve the mixture; and then the mixture was cooled and allowed to sit for
about 20 minutes until the gelation was complete. Dye (49 µmol 5-DTAF, 24.3 mg) was
dissolved in a pH = 10 sodium hydroxide solution. After the solution was poured on the
top of the arborol gel and allowed to set for about 2 hours, two layers were formed. The
upper one contained unreacted 5-DTAF, and the bottom layer contained fluorescently
labeled arborol gel. The upper layer was withdrawn by a pipette. The gel was first
washed with pH = 10 NaOH solution, and then rinsed with several portions of Nanopure
water. The gel was dried by blowing dry nitrogen overnight.

The success of labeling

was confirmed by MALDI. (Although the values of arborol and labeled arborol were not
correct, the difference was, as discussed in Results and Discussion.) No more than 11%
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of the hydroxyl groups can be labeled by this procedure; the actual labeling is less, as
indicated by the unreacted dye removed during purification.
2.2.7 Preparing Samples for the Fluorescence Microscopy
Unlabeled [9]-12-[9] arborol (25 mg) and its dyed counterpart (5 mg) were placed
in a vial and dissolved in Nanopure water to a concentration of 3 mg/mL. The mixture
was heated to dissolve the arborols; then it was cooled at 25 °C to produce a strong gel.
The gel was put on a cavitated microscope slide and covered by a glass cover slip,
observed under the fluorescence microscope while it was wet, and checked again after
several hours when it was dry.
2.2.8 Atomic Force Microscopy (AFM)
The atomic force microscopy experiments were carried out on a Digital
Instruments Nanoscope III multimode SPM in contact mode. The tip is a silicon nitride
probe from Digital Instruments, type NP-S. The solution was applied on a freshly
cleaved mica surface five minutes before putting in the microscope. Four concentrations
(2%, 0.2%, 0.1% and 0.05%) of [9]-12-[9] were examined.
2.2.9 MALDI-MS
MALDI-MS was carried out on a Bruker ProFLEX III MALDI-TOF mass
spectrometer. A small amount of arborol was placed in a sample cell and covered with
200 µL of 50% water/ethanol. The cell was suspended in a water bath and heated until
the arborol dissolved. Then the sample was mixed with an α-cyano-4-hydroxycinnamic
acid (CCA) matrix using 30% methyl cyanide (MeCN), 70% water, and 0.1%
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trifluoroacetic acid (TFA) as an ionizing agent. (MALDI-MS was carried out by Alyssa
Henry. I use her data for purposes of explanation.)
2.2.10

FT-IR

Samples were prepared by placing a small amount of the arborols in a mortar with
slightly wet potassium bromide (KBr). The contents were ground into a fine powder and
set in a die to form a translucent pellet.
2.2.11

Langmuir-Blodgett Trough

The pressure and area isotherm of [9]-10 and [9]-8 were measured on a NIMA
Langmuir-Blodgett trough, model LB2000. The trough was first wiped with ‘Kimwipes’
paper soaked in chloroform followed by ethanol. After the surface was clean and dry, the
trough was filled with dust-free, de-ionized water from a Barnstead Nanopure water
purification system. The one-directional arborol [9]-8 or [9]-10 was dissolved in MeOH
and diluted with CHCl3 (Vol ratio of MeOH to CHCl3 is 1:9) to make 1 mg/mL solution.
The solution was spread on water surface on the trough drop by drop. The carrier solvent
was allowed to evaporate for 30 minutes and then the barriers were closed at a speed 150
cm2/min. Three different amounts (0.6 mg, 0.7 mg and 0.8mg) of solution were tried, and
the surface pressure of the arborols was checked.
2.2.12

Surface Pressure of One-directional Arborols in Water

Surface pressure of [9]-6 and [9]-8 at different concentrations was measured by
Wilhelmy Plate method with a 5 mL Teflon cell, and each concentration was measured 5
times at 25 oC. CMC of [9]-6 was obtained. The surface pressure was checked with a
surface pressure sensor from NIMA type PS4. Filter papers were shaped into plates (20 x
15

10 mm), washed with 200 proved ethanol 5 times, and dried in vacuum. Samples were
diluted from one concentrated sample and sonicated 6-10 min at 40-50 oC to make sure
that the samples were well dissolved.

2.3 Synthetic Aspects
The one- and two-directional arborols were prepared by a two-step procedure. They
started from a nucleophilic substitution of alkyl bromides and followed with the
amidation of ester by tris. The esters were prepared (yield above 90%) by heating the
appropriate bromoalkane with NaC(CO2Et)3 in anhydrous DMF at 90 oC over night.
Higher temperatures produced more by-products which in turn would effect the following
amidation reactions; the yield and the purity of the final products will be low. Spectra of
1

H and 13C NMR agreed with those given in the literature13 and were used to confirm the

success of the reactions. The 1H and 13C NMR were determined at a Bruker DPX250 or
ARX300, whichever one was convenient during the experiments. CDCl3 was the solvent
for ester, and Me2SO-d6 was for the final arborols.
All the reactions for the three-directional arborol (Benzene[93])34 were finished in
fourteen days at the University of Akron with the help of Dr. Moorefield and other
members of Dr. Newkome’s group.
2.3.1 One-directional Arborols
So far, three one-directional arborols ([m]-n) have been synthesized. They are [9]10, [9]-8 and [9]-6. Here the number “[9]” indicates the nine hydroxy groups at one
terminal and the numbers “6”, “8”, and “10”, are the number of carbons in the alkyl
chains.
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Figure 2-3. Scheme of synthesis of a one-directional arborol, [9]-10

Triethyl alkanetricarboxylate, general procedure: the appropriate bromoalkane (15
mmol) was added to a stirred solution of NaC(CO2Et)3 (17 mmol) in DMF (20 mL) at 90
o

C. After 12 h, the solution was cooled and toluene (100 mL) was added. This solution

was washed with saturated NaHCO3 (4×100 mL), then dried over anhydrous MgSO4,
concentrated in vacuo, dried in high vacuum oven at 40 oC overnight, to yield 95%. n =
6: 1H NMR (300 MHz, CDCl3): δ = 0.84 [t, CH3, 3H], 1.22-2.00 [m, (CH2)5, -CH2CH3,
19H], 4.25 (q, OCH2CH3, 6H); 13C NMR δ = 13.7 (CH3), 22.2-33.0 (CH2), 62.0 (C-O),
65.3 (C-C=O) and 166.8 (C=O); n = 8: 1H NMR (300 MHz, CDCl3): δ = 0.84 [t, CH3,
3H], 1.22-2.00 [m, (CH2)5, -OCH2CH3 , 23H], 4.25 (q, OCH2CH3, 6H); 13C NMR δ =
13.7 (CH3), 23.0-33.7 (CH2), 62.3 (C-O), 66.0 (C-C=O) and 167.5 (C=O); n = 10: 1H
NMR (300 MHz, CDCl3): δ = 0.84 [t, CH3, 3H], 1.22-2.00 [m, (CH2)5, OCH2CH3 , 27H],
4.25 (q, OCH2CH3, 6H);

13

C NMR δ = 14.0 (CH3), 22.5-33.2 (CH2), 61.8 (C-O), 65.5

(C-C=O) and 167.0 (C=O).
One-directional arborol, general amide formation: the ester synthesized above (2.0
mmol) and tris (6 mmol) were dissolved in Me2SO (10 mL) and stirred over extra
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anhydrous K2CO3 for one day at room temperature. The mixture was filtered and poured
into water to precipitate, centrifuged to isolate the solid which was washed with water
twice, and dried in high vacuum oven at 40 oC overnight, to yield 80%. n = 6: 1H NMR
(300 MHz, CDCl3): δ = 0.84 [t, CH3, 3H], 1.22-2.00 [m, (CH2)5, -OCH2CH3 , 19H], 4.25
(q, OCH2CH3, 6H);

13

C NMR δ = 13.7 (CH3), 22.2-33.0 (CH2), 62.0 (C-O), 65.3 (C-

C=O) and 166.8 (C=O); n = 8: 1H NMR (300 MHz, CDCl3): δ = 0.84 [t, CH3, 3H], 1.222.00 [m, (CH2)5, -OCH2CH3 , 23H], 4.25 (q, OCH2CH3, 6H); 13C NMR δ = 13.7 (CH3),
23.0-33.7 (CH2), 62.3 (C-O), 66.0 (C-C=O) and 167.5 (C=O); n = 10: 1H NMR (300
MHz, CDCl3): δ = 0.84 [t, CH3, 3H], 1.22-2.00 [m, (CH2)5, OCH2CH3 , 27H], 4.25 (q,
OCH2CH3, 6H); 13C NMR δ = 14.0 (CH3), 22.5-33.2 (CH2), 61.8 (C-O), 65.5 (C-C=O)
and 171.0 (C=O).
2.3.2 Two-directional Arborols
The two-directional ([9]-n-[9]: 10≤ n ≤13) arborols formed thermally reversible
aqueous gels.13 Here the synthesis of [9]-10-[9] was reported:
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Figure 2-4. Scheme of synthesis of a two-directional arborol, [9]-10-[9]
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Hexaethyl alkanehexacarboxylate, general procedure: the appropriate bromoalkane
(15 mmol) was added to a stirred solution of NaC(CO2Et)3 (33 mmol)in anhydrous DMF
(40 mL) at 90 oC. After 12h, the solution was cooled, and toluene (100 mL) was added.
This mixture was washed with saturated NaHCO3 aqueous solution four times (4×100
mL); the organic layer was dehydrated over anhydrous MgSO4, concentrated in vacuo,
and then dried in high vacuum oven at 40 oC overnight, to yield 95%. 1H NMR δ = 1.25
[s, (CH2)8, 16H], 1.28 (t, OCH2CH3, 18H), 2.08 (m, CCH2 4H), 4.25 (q, OCH2CH3,
12H); 13C NMR δ = 25.2-33.7 (CH2), 53.4 (C-N), 62.3 (C-O), 66.0 (C-C=O) and 167.6
(C=O).
Two-directional arborol, general amide formation: the ester synthesized above (2.0
mmol) and tris (12 mmol) were dissolved in anhydrous Me2SO (15 mL) and stirred over
extra amount of anhydrous K2CO3 for one day. The completion of the reaction was
confirmed by

13

C NMR. If no ester peak was detected by

13

C NMR, the reaction was

stopped. At the same time, the amide peak around 170 to 175 ppm appeared. The
mixture was filtered, and the filtrate was concentrated in vacuo. The pure arborol was
obtained via dissolution of the gel residue in water and precipitation by slow addition of
acetone to give a white solid; and then the solid was collected and dried in high vacuum
oven at 40 oC overnight, to yield 80%.

13

C NMR δ = 22.1-31.3 (CH2), 53.4 (C-N), 63.0

(C-O) and 171.8 (C=O).
2.3.3 Three-directional Arborols
The procedures to synthesize three-directional arborol are listed in Figure 2-5. The
details of the procedures have been published by Newkome et.al., in 1986.13
synthesis of benzene[93] was conducted at the University of Akron in two weeks.
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Figure 2-5. Scheme of synthesis of a three-directional arborol, benzene[93]

2.4 Surface Properties of One-directional Arborols
2.4.1 Background
One-directional arborols have a treelike hydrophilic head and a hydrophobic chain.
When a solution of an amphiphilic substance is added drop by drop on a suitable
substrate, it can spread out to occupy as much of the are-liquid interface area as it can. In
most cases it will form monolayer after the solvent is evaporated, and the monolayer film
is called Langmuir Blodgett film. Usually, the substrate for such Langmuir Blodgett
20

films is water. Proper solvents such as hexane, chloroform, etc., have a low boiling point
as well as a very low solubility in water.
Molecules in a solution are subject to attractive forces, whereas in the bulk of the
solution, these forces are equal. When the solution is introduced to the substrate, the
balance of the interface is changed, and the spreading is the result of the net effect of the
forces, mainly because of the decreasing of surface tension.
By measuring the changing of the surface tension upon compressing the monolayer,
a pressure-area isotherm can be obtained, which provides a two-dimensional “fingerprint” of the molecules.
The Wilhelmy plate method is used to measure the changing of the surface tension.
At the air-water interface, three forces act on the plate. These are gravity, surface tension
acting downwards into the water, and buoyancy due to displaced water acting upwards
(see eq. 2.1).
Force = weight – upthrust + surface tension

(2.1)

If the balance is zeroed before measurement, the force can be expressed as the
difference between the immersion of Wilhelmy plate in pure water and in surfactantcovered water.
∆F=2(γ’-γ)(t + w)

(2.2)

In this expression, γ is the surface tension of pure water (72.8 mN/m), γ’is the
surface tension of the surfactant covered water. the thickness is t, and the width of the
plate is w. The difference (γ’-γ) between the surface tension of the clean water and the
surfactant covered water is defined as surface pressure, π.
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2.4.2 CMC of [9]-6
The surface pressure of a series of concentrations of [9]-6 was measured by
Wilhelmy plate method with NIMA surface tension sensor, type PS4 in a 5 mL Teflon
vial at 25 oC. Surface pressure of one-directional arborol = surface tension of water
(measured before the arborol) – surface tension of arborol. Relative surface tension =
72.8 (Surface tension of water at 25 oC) – surface pressure of one-directional arborol.
The results were put in Figure 2-6 and Figure 2-7. The surface tension decreases with
concentration (Figure 2-7), reaching a plateau above the CMC of 8.8 mmol/L (4.7
mg/mL). The concentration at which the surface tension first reached the minimum was
the critical micelle concentration (CMC). Above this concentration, the surfactant was
supposed to form micelles.

The CMC of [9]-6 was 8.6 mmol/L from surface pressure

and 8.8 mmol/L (4.7 mg/mL or 0.47%) from relative surface tension.

Surface Pressure (mN/m)
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Figure 2-6. Surface pressure of [9]-6 at different concentrations
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Figure 2-7. Surface tension of [9]-6 at different concentrations

Figure 2-8. TEM image of aggregates found in a 7% [9]-6 solution. The aggregates are
indicated by arrows.
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At concentrations higher than CMC, micelles are found. TEM image of 7% [9]-6
indicate the existence of micelles (Figure 2-8) with wide size distribution.

It is

remarkable that such big aggregates are formed by relatively small molecules. Perhaps
smaller structures, possibly better defined, exist, but no information is yet available.

304.8 nm

0.030
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0.025
0.020
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2.14x10 nm

13.2 nm

0.000
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1E-5

1E-4

1E-3

0.01

Rg /cm

Figure 2-9. Chosen plot of CONTIN for a 0.7% [9]-6 solution. It shows a wide size
distribution of the micelles.

The same [9]-6 solution was checked by dynamic light scattering. The solution was
filtered using 0.45 µm Millex HV PVDF membranes and checked at 40, 50, 60, 70 and 90
degrees of angle. The hydrodynamic radius was derived from a linear fit of plot decay rate
vs squared scattering vector magnitude and it was 282 ± 13 nm. CONTIN was used to
analyze the DLS data at 90 degrees. The chosen results showed a broad single peak
(Figure 2-9) which indicated a wide size distribution of the micelles.
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2.4.3 Surface Properties of [9]-8 and [9]-10
The solubility of one-directional arborols in water decreases dramatically with
increasing length of the alkane spacer. It decreases from 13.0 mmol/L (n = 6) to 1.4
mmol/L (n = 8). The solubility of [9]-10 is less than 0.017 mmol/L (0.01 mg/mL). At
this same concentration, [9]-10 dissolves in a hot mixture of methanol and water (1:9
weight ratio) and forms fiber crystals at room temperature (Figure 2-10). All the arborols
exhibit a higher solubility in methanol than they do in water.

Figure 2-10. POM image of [9]-10 fibers in a mixture of methanol and water (1:9 v/v)

The surface tension for [9]-8 solutions was measured by working from low
concentrations to high. Weighed solid [9]-8 was added to water and the mixture was
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heated to 80 oC. Then it was sonicated about 3-6 minutes in a 30 oC water bath. The
duration of sonication depended on the concentration. The solutions were stored at 25 oC
after they were dissolved and measured 20 minutes afterward. Each concentration was
checked 5 times at 25 oC. At concentrations up to 1.76 mmol/L (1 mg/mL), there was no
solid precipitation during the measurement. At higher concentrations, 2.6 mmol/L and
3.5 mmol/L (1.5 mg/mL and 2.0 mg/mL respectively), solid precipitated out before the
experiment. The surface pressure of these samples was checked on the next day. After
storing overnight, solid precipitated in solutions with concentration above 1.4 mmol/L
(0.8 mg/mL). The surface tension of these samples was checked again. A dramatic
increase of surface tension was found, as shown in Figure 2-11 labeled by dashed arrows.
According to the linear relation of the surface pressure and concentration at low
concentration solutions, the concentration of the supersaturated solution was about 0.7
mmol/L (0.4 mg/mL).
Because the [9]-8 and [9]-10 has low solubility in water, the pressure-area isotherm
of one-directional arborols can be obtained. It is not easy to find one low boiling point
solvent that does not dissolve in water, but can dissolve the arborols. Methanol is a
relatively good solvent for these two arborols, but it dissolves in water. On the other hand
chloroform is a bad solvent for arborols and does not dissolve in water.
A mixture of methanol and chloroform (1:9 vol:vol) was used as solvent. Arborols
were dissolved in hot methanol and diluted by chloroform to 1 mg/mL. A volume (800
µL) of solution was added to the surface drop by drop from a height of about 1mm. After
about 30 minutes, to let the chloroform evaporate completely and the methanol to
evaporate or disperse into the subphase, the barriers were compressed at a speed of 150
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cm2/min. The compressions were repeated nine times for [9]-8 and eleven times for [9]10. Different volumes of solutions (700 µL and 600 µL) were loaded on the surface; the
isotherms were identical.
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[9]-8 saturated sulution
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55
50
45
40
35
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3.0

3.5
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Figure 2-11. Surface tension of [9]-8 at different concentrations. Squares represent [9]-8
solutions without solid precipitation. Circles represent [9]-8 saturated solutions with solid
precipitation. The dashed arrows indicate the increasing of the surface tension after the
solid precipitated out.

In the surface pressure-area isotherm of [9]-8, at least three phases can be
recognized. They are gas state, liquid state, and solid state (Figure 2-12). In the isotherm
of [9]-10, the gas state is easily identified, but it is hard to distinguish the liquid and solid
states (Figure 2-13).
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Figure 2-12. Surface pressure and area isotherm of [9]-8 on water. The isotherm shifts to
smaller area from the 1st compression to the 9th compression.

One thing in common for these two arborols is the shifting of the isotherm to a
smaller area as repeated compressions are applied. Another common feature is that a
stable isotherm is reached after multiple compressions (nine to eleven). This indicates
that at certain surface pressure, the area per arborol molecule on the surface is decreasing.
To understand this phenomenon an experiment was carried out on [9]-10 after 11
compressions. The barriers were held open for 30 minutes and compressed one more
time. The isotherm was identical to the one obtained after 11th compressions; there was
no shifting back to the larger area. Thirty minutes of relaxation time was enough for
regular amphiphile molecules to spread out from solid state to gas state. There might be
a permanent changing of the arrangement of arborols on the surface.
28

Considering the large hydrophilic “canopy” of the tree shaped molecules,
aggregation is a possibility. Perhaps the molecules form some kinds of micelles or
oligomers and submerge in the substrate, which will cause a permanent change of the
arborol content on the surface. The starting area of liquid state in isotherms of [9]-8 and
[9]-10 at each compressions is listed in Figure 2-14. The trend of the starting area is
going down until it reaches a minimum value after about nine repeated compressions,
which indicates that the content changing on the surface is limited. It reaches a stable
state after several compressions. No particles are found in the subphase, as checked by
light scattering.
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Figure 2-13. Surface pressure and area isotherm of [9]-10 on water.
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For a better view of how the isotherms shift to smaller area, the starting areas of the
liquid phase of the isotherms at different compressions are listed in Figure 2-14. During
the compression, the surface pressure is constant, fluctuating between 0-0.1 mN/m at gas
state. It is increasing in a constant speed to 10-20 mN/m. The starting area of the liquid
state is identified graphically as the area where the surface pressure starts increasing on
compression.
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Figure 2-14. Starting areas of the liquid state for isotherms of [9]-10 and [9]-8 at different
compressions. In the gas state, which is flat in the isotherm, the surface pressure is 0-0.1
mN/m. The starting area of the liquid state is identified graphically as the area where the
surface pressure starts increasing on compression.
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Figure 2-15. Surface pressure and area isotherm of mixture of [9]-8 and [9]-10, 1st
compression.

40

[9]-10
mole ratio of [9]-10 to [9]-8 is 3:1
mole ratio of [9]-10 to [9]-8 is 1:1
mole ratio of [9]-10 to [9]-8 is 1:3
[9]-8

Surface Pressure(mN/m)

35

Solid

30
25
20
15

Liquid

10
5

Gas

0
0

2

4

6

8

10

12

14

2

Area/molecule (Å /molecule)

Figure 2-16. Surface pressure and area isotherm of mixture of [9]-8 and [9]-10, 9th
compression.
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Surface pressure and area isotherm of mixtures of [9]-8 and [9]-10 at different ratios
were checked too. Three ratios [9]-10 to [9]-8, 3:1, 1:1 and 1:3 were checked. In all the
mixtures the three states were easily distinguished as pure [9]-8. The solid state was
close to [9]-10 and the liquid state was close to [9]-8. Repeated compressions still caused
the isotherm to shift to smaller area. The isotherms of the first compression and the 9th
compression are listed in Figure 2-15 and Figure 2-16 respectively.

2.5 Structural Observation of Fibrillar Arborol Gels
2.5.1 Properties Studied by WAXS
Figure 2-17 shows that the WAXS patterns are nominally symmetrical, which
indicates that there is no preferential alignment of the fibrillar structures.
The effect of varying the length of the hydrophobic spacer was studied using [6]-7[6], [6]-10-[6] and [6]-11-[6] arborols in water (Figure 2-18) and [6]-8-[6], [6]-10-[6],
[6]-11-[6] and [6]-13-[6] arborols in 5% methanol/water mixtures (Figure 2-19). Results
are grouped in Table 2-1. A frequent observation is a peak just beyond the beam stop at
about 2.45 nm-1. This feature recalls the peaks seen in dried fibrils at about 3 nm-1 in our
earlier study, which were identified as side-by-side alignment of fibrils, although twist
along the fibril axis cannot yet be excluded. If the peaks do represent side-by-side
alignment, it is sensible for them to have shifted towards lower scattering angles in the
hydrated fibrils. Other aspects of the WAXS patterns are also reasonable, although they
are near the limits of resolution of the experiment. The [6]-11-[6] arborol has a longer
spacer chain than [6]-10-[6] and the measured b value is about 0.09 nm bigger for the
former molecule. Arborol [6]-8-[6], which has the shortest spacer chain, is observed to
have the largest a value (step length along the fibril). Conversely, arborol [6]-13-[6],
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which has the longest spacer chain, exhibits the smallest a value, but it shares that
characteristic with arborol [6]-11-[6]. This suggests that a longer spacer chain permits
closer approach of the molecules, but the effect tops out at eleven methylene groups.
Arborol [6]-7-[6] does not form a gel at 5% in water. Its WAXS plot does not have the
characteristic peak around 0.5 nm, which suggests that the dumbbells are no longer
stacked orthogonally; however, the existence of peak at 1.47 nm indicates that there are
some ordered arrangements.

Figure 2-17. WAXS pattern for [6]-10-[6] in water.

The effects of solvent on the [6]-10-[6] and [6]-11-[6] arborols were studied using
water and a mixture of methanol and water (1:1, volume ratio). The WAXS of [6]-10-[6]
and [6]-11-[6] are indicated directly in Figure 2-20 and Figure 2-21, respectively.
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Table 2-1. Summary of WAXS results on arborols
Sample
Number
Arborol
Solvent
Gel?
Peaks
found
(nm)

1

2

3

4

5

6

7

[6]7[6]
H2O

[6]8[6]
MeOH +
H2O
N
0.58
± 0.02

[6]10[6]
H2O

[6]10[6]
MeOH +
H2O
Y
0.55
± 0.01
1.17
± 0.02
2.45
± 0.12

[6]11[6]
H2O

[6]11[6]
MeOH +
H2O
Y
0.52
± 0.01
1.20
± 0.02
2.45
± 0.15

[6]13[6]
MeOH +
H2O
Y
0.52
± 0.01
1.15
± 0.10
2.89
± 0.20

N

a#
b#
Others

1.47
± 0.07

n/r*

Y
0.54
± 0.01
1.17
± 0.02
2.45
± 0.15

Y
0.52
± 0.01
1.26
± 0.03
2.45
± 0.13

Note: #see text for definition of the dimensions a and b.
beamstop. MeOH + H2O mixtures were at 1:1 volume ratio.

0.05

1.47 nm

*n/r = not resolved from

[6]-7-[6] in w ater plus 0.015---N ot a G el
[6]-10-[6] in w ater plus 0.008---G el
[6]-11-[6] in w ater---G el
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Figure 2-18. WAXS for [6]-n-[6] arborols with different spacer lengths in water. Curves
are offset vertically for clarity.
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Figure 2-19. WAXS for [6]-n-[6] arborols with different spacer lengths in MeOH and
water. Curves are offset vertically for clarity.
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Figure 2-20. The effect of solvents on [6]-10-[6]. Curves are offset vertically for clarity.
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Figure 2-21. The effects of solvents on [6]-11-[6]. Curves are offset vertically for clarity.

The spaces are similar in both solvents, but the peak indicating the distance along
the fibril (parameter a) is broadened by addition of methanol, which suggests a reduction
in the contiguous length of the arborol stacks comprising the fibrils.
2.5.2 Properties Studied by Microscopies
Centrifuging the sample after melting the gel led to an uneven distribution of
arborols in the slice (Figure 2-22A). Under crossed polarizers in an optical microscope,
the arborol gel appears to be a collection of fibers aligned at 45 or 135 degrees of angle
(Figure 2-22B). The intensity of light changes periodically as the sample is rotated on the
stage. Without the polarizers, the fibers appear to be randomly distributed. These
observations indicate that the fibers possess birefringence, but polarized light microscopy
does not clearly elucidate the structure.

36

A

B
Figure 2-22. A 3 wt% [9]-12-[9] arborol gel, as viewed between crossed polar in an optical
microscope. A: Unevenly distributed part of sample introduced by centrifuging; B: Evenly
distributed part.
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Fluorescence microscopy usually provides an unambiguous contrast mechanism:
one sees the labeled object (at the risk of altering the structure by the presence of the
dye). The possible reaction mechanism for DTAF (Figure 2-23) labeling of arborols as
described in Experimental Section involves nucleophilic aromatic substitution by an
addition-elimination pathway. 39
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Figure 2-23. The Structure of 5-DTAF
As the selected two-directional arborol has nine hydroxyl groups at each end, it
should be easy to dye, and the MALDI results confirmed this suggestion. The MALDI
spectrum contains peaks around 1470 D, which is in the range of molecular weight for
one 5-DTAF labeled [9]-12-[9]. As discussed in Experimental, the molecular weight of
[9]-12-[9] that we used is 1009 by MALDI and the molecular weight of 5-DTAF is 495.
If one 5-DTAF is attached to a hydroxyl group, HCl will be released. So the molecular
weight of labeled [9]-12-[9] is 1468, very close to the observed 1470. While this is
encouraging, other species are surely present—some with no dyes attached and perhaps
others with more than one dye attached. Another potential problem is that the DTAF
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label is not much smaller than the arborol molecule itself. To assess the behavior of the
(partially) dyed arborols, the DSC melting point of a 3.0 wt% [9]-12-[9] unlabeled gel
was compared to a 3.0 wt% sample containing 2.7 wt% unlabeled arborols and 0.3 wt%
from the labeled preparation. There was no difference in the melting point with or
without label. Detailed studies of the enthalpies of melting as a function of labeled
content may prove revealing, but fluorescence microscopy confirms that the labeled
arborols do participate in fibril formation.
When the gel was wet, the fluorescence contrast of the network to its surroundings
was weak, but the fibrous textures did emit strongly enough to be caught by confocal
microscopy. Figure 2-25A is the result of processing by Image J software (National
Institutes of Health) of three pictures, each of these an average of 50 video frames from
the same spot in the microscope. Two well-focused pictures, in which fibers were barely
visible, were summed. From this result was subtracted another picture taken slightly out
of focus to reveal the structures shown. The contrast improved after the solvent was
evaporated (Figure 2-25 B and C). These figures suggest that very long fibers exist,
confirming the impressions from freeze-fracture electron microscopy.
The atomic force microscope (AFM) can be used to check the topographical,
elastic, and frictional properties of hydrogels.41-43 Four (2, 0.2, 0.1, and 0.05%)
concentrations of [9]-12-[9] were tried. The AFM images, Figure 2-24, were obtained in
contact mode in air at 25 °C. Solutions, 0.1% and 0.05% [9]-12-[9], did not produce
clear AFM images. For 0.2% [9]-12-[9], the sample is not a gel. One can still see fibers,
but not large bundles, in the upper part of Figure 2-24. The appearance calls to mind a
network, but the fibers probably just collapsed as the solution dried to produce that
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illusion. A 2% [9]-12-[9] preparation does, however, form a gel on cooling, and one can
see large fiber bundles in the lower part Figure 2-24. This is strong evidence that the
bundles strengthen the gel, as suggested from the SAXS data on dried gels. The freeze
fracture EM images, with the usual risks of artifact, also suggest that the strengthening
occurs as fiber bundles share individual fibers to make effective crosslinks.

Figure 2-24. AFM images for 0.2% and 2% [9]-12-[9] in contact mode.
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A

B

C
Figure 2-25. Fluorescence microscopy images of 10% 5-DTAF labeled [9]-12-[9].
A. Confocal image taken from a wet gel (3 wt%). B. Taken after the gel was dried. C. One
specific spot in the dried gel.
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2.6 Conclusion
This is the first time that WAXS has been used to check the properties of wet
arborol gels. The structures found by previous studies of dried samples seem to exist in
the wet gels. SAXS studies on wet gels may reveal additional parameters of the fibrils,
such as thickness and how it changes during melting, addition of fiber inhibitors, etc. For
arborols with 6 hydroxy groups at each end, the hydrophobic chain must include more
than ten (but less than 14) methylene groups to induce gelation. If the chain length is
shorter, the arborol fails to form large bundles of fibers, which are the key to formation of
a strong gel.

AFM gives visual information on the function of bundles.

At high

concentration (2%) for [9]-12-[9], there are plenty of large bundles to support a gel. At
low concentration (0.2%) mostly thin fibers are observed and the system does not gel.
Bundles effectively crosslink the long fibers. POM confirms the birefringence of arborol
gels, but the textures of the samples are not yet fully interpretable.

Fluorescence

microscopy on both dry and wet samples confirms the rod like structure. Covalent
attachment of DTAF dye does not prevent incorporation of arborols into fibrillar
structures.
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CHAPTER 3. DIFFUSION OF DEXTRAN PROBES IN A SELFASSEMBLED FIBROUS GEL COMPOSED OF TWODIMENSIONAL ARBOROLS
3.1 Motivation
Small molecules that assemble into structures to transform a system from a lowviscosity liquid to a solid gel are the focus of increased attention for a variety of
reasons.24;44-47 Weiss, Terech et al. have done excellent work on synthesizing and
characterizing small molecule organogelators.48-52 If the solvent is water, the gelators
induce hydrogels which have been found to be key ingredients in a number of
biological systems,53;54 and they are applied increasingly in industry e.g. in foods,
deodorants, cosmetics, and chromatography.

Chromatographic separations such as

capillary gel electrophoresis benefit from a porous stationary phase that can be flushed
away when spent, a process facilitated by the reversible assembly of small molecules.
Making porous materials around a microscopic scaffold is simplified when the scaffold
can be disassembled into small, easily removed parts.55;56 All these applications require
a better understanding of the intrastructure of the network.
Arborol gels are thermal reversible hydrogels; they were invented by Newkome et
al.,13;57 in the 1980s.

The gelator arborols are two-directional bolaform dendritic

amphiphiles. In two-directional arborols,36;58 a central lipophilic spacer separates
matched hydrophilic units to make a molecular dumbbell. The length of the spacer and
the size of the end group vary. A representative [9]-12-[9] arborol appears in Chapter
2; the notation signifies that an aliphatic spacer of 12 methylene units separates a pair
of groups, each with 9 hydrophilic hydroxyl functions. Arborols with appropriate
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hydrophilic/lipophilic balance dissolve in warm water. On cooling, they assemble into
long fibers that interact by dispersion forces to create a gel. These appear to be true
gels, in the sense that dilute samples of ordinary size (1 mL) exhibit no discernible flow
on any convenient time scale (a year or more). The gelation is reversible, as application
of heat restores fluidity.

Compared to thermoreversible gels of macromolecular

parentage, the fluid state is not at all viscous.
We apply an old strategy59-64 for characterizing soft matter, such as gels:
observation of the rate of diffusion of macromolecular probes.

Fluorescence

photobleaching recovery (FPR), with sensitive modulation detection65-67 to hold
perturbations to a minimum, is used to measure the diffusion of fluorescently tagged
dextrans of varied size through arborol gels. The technical advances (including FPR)
that made probe diffusion appealing co-evolved with theories concerning the
mechanism of molecular motion in polymeric systems and other systems containing
obstacles to diffusion. Mechanistic studies now outnumber those attempting to glean
the nature of some soft structure.68-70 The approach here is true to the original intent:
launch probes of a certain size into the matrix (gel), measure how fast they move, and
infer qualitatively the nature of the gel. As the diffusive length scale in our experiment
is very long, microscopic details of the motion are lost. To place the present study in
the expanding phylogeny of probe diffusion,71;72 the dextran probes are lightly branched
random coil polymers. Freeze-fracture electron microscope images and small angle Xray scattering (SAXS) data on dried samples36 suggest that the arborol matrix consists
of very long fibrillar bundles. This impression is confirmed by ongoing SAXS studies
of the wet gels.
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3.2 Materials and Methods
3.2.1 Labeled Dextran
Fluorescent dextran samples were obtained from Sigma. Relevant data appear in
Table 3-1. Two hydrodynamic radii (Rh) are given for every dextran probe. One is
from the results in this chapter; the other is from the results of Bu et al.73 The dextran
probes FD10S, FD20 and FD500S are from the same lot number as Bu’s. All the
others have the same vender molecular weights but different lot numbers.
Table 3-1. Fluorescent dextrans used for this study
Rh*(nm) from Bu
Vendor
Rh* (nm)
et al. 73
Molecular Weight
FD-4
128H-0513
4,400
1.3
1.3
FD-10S
38H-5083
9,500
2.1
2.3
FD-20
77H-0361
21,200
3.9
3.3
FD-40
17H-1230
38,260
5.1
4.5
FD-70
128H-9801
70,500
6.3
6.0
FD-150
126F-0144
148,900
8.7
8.8
FD-500S
38H-5082
464,000
12.6
13.3
FD-2000S
39H-5004
2,000,000
20.7
17.9
Note: The hydrodynamic radius (Rh) was measured by FPR in water.
Stock Number

Lot #

3.2.2 Preparation of Gels
Arborol [9]-12-[9] was synthesized divergently according to Newkome’s
procedure.13 The chemical structure of this compound has been discussed in Chapter
2. Gels were prepared by adding an appropriate amount of solvent to [9]-12-[9] arborol
weighted into vials. The solvents were water or aqueous FITC-Dextran solutions with
a dextran concentration less than 1 mg/mL. The sample was placed on a hot plate and
heated until a clear homogeneous liquid resulted. The visual gel melting temperature
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was unaffected by the presence of the FITC-dextran. The sample was either placed in
an ice bath or allowed to cool to room temperature to induce gelation.
3.2.3 Fluorescence Photobleaching Recovery (FPR)
The FPR instrument will be described in Chapter 7. Briefly, a low-contrast striped
pattern of spatial period L is written into the sample when a bright laser beam
illuminates a coarse diffraction grating held confocal to the sample in an
epifluorescence microscope. The photobleaching of a small fraction of the dyes in the
bright portion of the stripe is detected by a sensitive electromechanical modulation
detection system. So is the recovery of fluorescence (reduction of contrast) in these
regions due to diffusion.

The modulation detection system enables very shallow

bleaches and eliminates higher harmonics in the signal, so that diffusion takes place on
a well-defined distance scale.

Flame-sealed, rectangular capillaries of 200 µm path-

length were used (Vitrocom). Samples were either loaded hot or allowed to gel inside
the cell or as prefabricated gels.

Most experiments were carried out using a 10X

objective lens and a Ronchi ruling of 50 lines per inch, corresponding to L = 0.0155 cm
(K = 405.3 cm-1 ) in our setup. Shallow bleaches, from one to five percent, produced
adequate signal quality in single-shot experiments (no signal averaging). The contrast
detected by the modulation detector follows an exponential decay:

C (t ) = C0 e − Γt + B

(3-1)

Where Co represents the initial contrast in the sample, and B is a baseline that reflects
noise arising from electrical sources and imperfections in the cell or sample. The decay
rate, Γ is equal to DK2, where K = 2π/L.
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3.2.4 Small Angle X-ray Scattering (SAXS)

SAXS was carried out at Stanford Synchrotron Radiation Laboratory on beamline
1-4, using a wavelength of 1.488 Å. The [9]-12-[9] arborol was dissolved in water at
about 80 oC; then the solution was loaded into X-ray capillary cells (Charles Supper) of
diameter 1.0, 1.5, or 2.0 mm, and centrifuged to the bottom; and then the cells were
sealed by flame. A Mettler FP80 microscopy oven provided convenient and rapid
temperature control. The background scattering was measured from room temperature
water.
3.2.5 Rheology

Rheology studies were performed on a Rheometrics Scientific ARES rheometer
(transducer range = 0.2-2000 gcm) with a Couette-type geometry. The Couette cell had
a 2.0 mm gap between the cup and bob and an approximate volume of 10 ml. The
shear rate dependence of the viscosity was obtained with continuous, constant-rate
experiments. To remove bubbles, hot 3% [9]-12-[9] arborol solution was poured into
the cell and cooled down in the cell. By this way, the gel was fresh and supposed to be
bubble free.
3.2.6 Differential Scanning Calorimeter (DSC)

DSC was carried out on Seiko DSC 120, which was calibrated with In and Pb
standards. The [9]-12-[9] was dissolved in hot water. A small portion of the solution
(about 30 mg) was transferred to an aluminum pan, and the pan was sealed with an
aluminum cap. An empty pan with cap was used as a reference.
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3.3 Results and Discussion
In this section, the discussion starts with the internal structure of the gel by
interpreting the small angle X-ray scattering (SAXS) data, which is followed by the
rheology studies of the gel; these two parts are then organized together to understand
the results from FPR. The temperature effects are discussed at the end of each method.
3.3.1 Structure Interpretation by SAXS

SAXS is a powerful tool to interpret the intra-structure of gels. One can get detail
information about the construction of the matrix in the gel, such as the mesh size, form
factor, phase boundary, which can help in explaining the results of probe diffusion in
the gel. The SAXS results of 1.5%, 3% and 4% (weight ratio) [9]-12-[9] are indicated
in an intensity vs q plot (Figure 3-1), where the intensities are the result obtained after
deducting the dark count and background count (here, scattering of water at room
temperature is used as the background.). The q is the magnitude of a scattering vector,
and its value is defined as 4πsinθ/λ, where 2θ is the scattering angle, and λ is the
wavelength of the synchrotron, 1.488Å.
Textures of arborol gels under microscopes showed that the fibrils in the gel were
long and thin. Let Rcg stand for the radius of gyration of the cross section for a disc
with radius Ro, when qRcg < 1, Guinier approximation for rods can be used, and the
radius of gyration of the cross section is calculated according to:
I (q) ~

− q 2 Rcg2
L
exp(
)
2
q

(Guinier approximation)

(3-2)

where L is the length of the rod, Rcg = Ro / 2 . If the cutting surface of the fibril is a
disc, its diameter is 2 Ro. The SAXS data are plotted in a lnqI(q) vs q2 version (Figure
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3-2). The linear fits are perfect for the 3% and 4% gels, it reveals that the fibrils are
rigid in the 3% and 4% gels, and become weaker when the concentration decreases to
1.5%. Slopes were derived from the linear fit of the data and the average Rcg was
calculated. The average Rcg of these three concentrations is 2.92 ± 0.24 nm, and the
diameter of the basic fibril is 8.26 ± 0.68 nm.

4%
1.5%
3%

10

Intensity/a.u.

1

0.1

0.01

1E-3

1E-4
0.1

1

q /nm

-1

Figure 3-1. SAXS of 1.5%, 3% and 4% [9]-12-[9] in intensity vs q plot.

The birefringence properties of arborol gels have been confirmed by crosspolarized optical microscopy, and the arborol gels are defined as heterogeneous gel
because the fibrils are crystallites and act as a network of scaffolds in water.74;75

In

freeze-fracture TEM images the distance between fibrils can be smaller than the width
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of a single fibril and it can also be larger than 100 nm. The evidences are not enough to
decide which pore size is dominating. The random size of pores in the arborol gel
network might help in understanding the diffusion of probes in the gel, which will
discussed later in this chapter.
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Figure 3-2. The SAXS data in LnqI(q) vs q2 version to calculated Rcg of 1.5 %, 3 % and
4 % [9]-12-[9] arborol gels. Inset: if the cross section of the fiber is a disc Rcg = Ro / 2 .

The boundary of these networks is discussed using Porod’s law in a q region
above 0.3 nm-1.
I (q) ~ q −4 (Porod’s Law)

(3-3)

The agreement of the data with Porod’s law is therefore attributed to a clear boundary
of the fibril bundles.76-79 The law is well kept in the1.5% arborol gel. For 3% and 4%
gels, the absolute value of the exponent calculated is bigger than 4. This result is
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interpreted by theoretical predictions as the presence of a “fuzzy” surface.80;81 Such
surface structure could result from an interfacial dissolution process when the
concentration is high. The gels look cloudier at 3% or 4% than they do at 1.5%.
Table 3-2. Rcg of [9]-12-[9] arborol gels from SAXS at different concentrations and
temperatures
Concentration
(wt%)
Rcg (nm)
Error of Rcg (nm)
Average Rcg (nm)

1.5 %
2.89
0.14

3%

4%

2.97
0.28

8 % at 30 oC 8 % at 80 oC

2.89
0.14

2.98
0.28

2.88
0.37

2.92 ± 0.24

To explain the structure change of the arborol gel at different temperatures, SAXS
of 8 % [9]-12-[9] at different temperatures was measured.

The Rcg at different

temperatures was calculated and compared with the results from 1.5%, 3%, and 4%
arborol gels in Table 3-2. The SAXS data were plotted in the lnqI(q) vs q2 version
(Figure 3-3), and the Rcg was derived from equation 3-2. From Figure 3-3, one can see
that the linear fit is getting worse from low to high temperatures, which indicates the
weakening of fibrils as the temperature is increasing. The values of Rcg at 30 and 80 oC
were listed in Table 3-2, too. If uncertainties are considered the differences among the
Rcg at various concentrations and temperatures can be ignored. The Rcg barely changes
as the concentration and temperature vary. The radius of cross section is

2 Rcg, and

the average Rcg is 2.92 ± 0.24 nm so the average diameter of the cross section is 8.26 ±
0.68 nm. The largest end to end distance of one [9]-12-[9] molecule is 2.73 nm, which
is calculated by ChemDraw after minimizing the energy of the 3-D model.

The

distance is from two alcohol hydrogen atoms in each hydrophilic area. In Figure 3-4,
they are H33 and H83, correspondingly. If the cross section of the repeating unit is a
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disc, the diameter of the disc is about three times of the largest length of a [9]-12-[9]
molecule.
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Figure 3-3. SAXS of 8 % [9]-12-[9] at different temperatures to calculate Rcg. The linear
fit is weaker as the temperature goes up.

2.73 nm

H(33)

H(83)

Figure 3-4. 3D structure of [9]-12-[9] by ChemDraw. The largest distance is 2.73 nm,
from H(33) to H(83).
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3.3.2 Rheology Studies

Viscosity of the gel is one factor that should be mentioned when the probe
diffusion is discussed. A trial experiment was carried out at shear rates 0.02 Hz, 0.1
Hz, 1 Hz, and 10 Hz. Data appear in Figure 3-5. Three main problems were found in
the trial experiment. First, the viscosity decreased steeply from shear rate 0.02 Hz to 0.1
Hz (It was dropped from 601 Pa-s to 146 Pa-s); second, the viscosity was almost zero at
high shear rate. It was 6 Pa-s at 10 Hz; third, huge bubbles were found in the arborol
gel after the experiment. To avoid these problems, lower shear rates (0.01, 0.02, 0.05,
and 0.1 Hz) were applied, and the arborol gel was covered by silicon oil to prevent the
evaporation of water.
The same arborol solution was used for all the rheology data in this chapter. To
record the heat history of the arborol gel, one cycle of heating and cooling was counted
as one time gelation. So the gel used in the trial experiment was the first gelation gel.
The second gelation gel was checked with a program (The program started at a shear
rate of 0.01 Hz; then the shear rate was held for 600 s; and then the shear rate was
changed to 0.02 Hz, held for 300 s, then to 0.05 Hz for 300 s and then to 0.1 Hz for 300
s.) repeatedly twice. Both the first and second gelation gels were checked at 25 oC.
Figure 3-6 shows the average viscosity at each shear rate for the first and the second
run of the second gelation. The values in the figure are the average viscosity of the last
100 seconds at each shear rate in stead of the whole holding time. The reason using the
last 100 seconds data is that the viscosity fluctuates too much in the beginning of each
shear rate. On the other hand, in the last 100 second the viscosity is stable. Clearly, the
arborol gel is a shear thinning material. Its viscosity decreases as the shear rate goes
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up. The viscosity at a shear rate of 0.01 Hz in the second run is very close to the
viscosity at the last shear rate (0.1 Hz) of the first run, which indicates that the shearing
destroys the arborol gel fibril networks. This was supported by cross-polarized optical
microscopy. Under POM, a thin-layer arborol gel had bright birefringence textures.
Upon shearing, the textures were gone, and the view under POM turned completely
dark, because the order in the arborol gel was destroyed.
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Shear Rate(1/s)/Dur(s):
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Figure 3-5. Viscosity of the first gelation of 3% [9]-12-[9] at high shear rate. The
arborol gel is shear thinning.

Figure 3-7 lists the viscosity of the first and second runs of the second gelation at
a shear rate of 0.01 Hz. The maximum viscosity (207 Pa-s) of the second run was less
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than half of the average viscosity (420 Pa-s ) of the first run, and this value decreased
continually to 75.6 Pa-s, which was close to the average viscosity (69.4 Pa-s ) at a shear
rate 0.1 Hz of the first run. This was another piece of evidence that shearing causes
permanent damages to the gel. Non-destructive rheology studies have not been carried
out yet; they will be done in the near future.
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Figure 3-6. The average viscosity at each shear rate for the first and the second runs of
the second gelation. The last second viscosity at first shear rate (0.01 Hz) of the second
run is very close to the average viscosity at the last shear rate (0.1 Hz) of the first run,
which indicates that the shearing destroys the arborol gel.

The third gelation gel was checked at different temperatures with a constant shear
rate of 0.01 Hz. The program started at 25 oC, and the temperature is held at 25 oC for
300 s and then increased at a rate of 1 oC/min to 76 oC. The results were listed in
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Figure 3-8 as a viscosity vs temperature plot.

The viscosity decreased as the

temperature increased. When the temperature is higher than 60 oC, the viscosity drops
faster.
The maximum viscosity of the gel decreased after repeated heating and cooling
cycles. The maximum viscosity at 25 oC of the first, second and third gelation in this
experiment is 662 Pa-s at 0.02 Hz, 472 Pa-s at 0.01 Hz, and 234 Pa-s at 0.01 Hz,
respectively. It is easy to understand that the lower the viscosity is, the weaker the gel
is. So after each heating and cooling cycle the arborol gel is getting weaker.
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Figure 3-7. The viscosity of the first and second runs of the second gelation at a shear
rate of 0.01 Hz. The maximum viscosity of the second run is less than half of that of the
first run. So the arborol gel is a shear thinning material.
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Figure 3-8. Viscosity of the third gelation 3 % arborol gel at different temperatures. The
viscosity is going down as the temperature is going up.

3.3.3 Probe Diffusion

The diffusion of dextran probes with different molecular weights in water, 3%,
and 6% arborol gels at room temperature were carried out by Bethany Lyles. The data
has not been published yet. I use her data and some text from a draft manuscript on
which we are both co-authors with permission from Dr. Russo to help interpret the
properties of the gels.
A typical FPR decay curve appears in Figure 3-9. Most data sets could be well fit
to a single exponential decay, but the FD2000 polymer exhibits enough polydispersity
that analysis by the inverse Laplace transform algorithm, CONTIN, was performed.
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The difference in average decay rate was not significant in the context of these
experiments.
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Figure 3-9. An FPR decay

A plot of D vs M (molecular weight of probes) for arborol concentrations of 0%,
3% and 6% appears in Figure 3-10. The data follow a power law, D ~ M-β with β =
0.42 – 0.65, increasing slightly with gel concentration. In pure water, ignoring the two
highest molecular weight, β = 0.53 ± 0.02, agrees well with the literature results.73 The
same literature also mentioned that when dextran probes diffused in a 3.78%
hydroxypropyl cellulose (HPC, molecular weight 300,000) aqueous solution, the
hydrodynamic interactions resulted in Rouse-type behavior which was D ~ M-1. For the
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3% and 6% arborol gels, the exponent is -0.59 ± 0.01 and -0.62 ± 0.03, respectively.
Compared with the HPC (at 3.87%, the exponent is -1), the diffusion dependence on the
concentration of arborol gel is very small. It indicates that the dextrans consistent with
a linear or randomly branched chain in the 3% or 6% arborol gels, like those in good
solvents. Water in the gels is free.

slope = -0.53

Diffusion in water
Diffusion in 3% gel
Diffusion in 6% gel

Dapp /cm s
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Figure 3-10. Diffusion of fluorescence labeled dextrans in water, 3% and 6% [9]-12-[9]
arborol gels

To describe the diffusion of the probes more precisely the probes are divided into
three parts according to their diameters and the correlation length of the gels. Small
size probes, FD-4, FD-10S, and FD-20, have identical diffusion in water and arborol
gel. Middle size probes, FD-40 and FD-70, have slightly slower diffusions in arborol
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gels than those in water, and the rest are apparently slower. For FD-4, FD-10S and FD20, the diameters of the dextrans are small and the diffusions in gels are identical to
those in water. According to Stokes-Einstein

ηu =

k BT
≡ f /(6πRh )
6πRh D

(3-4)

where ηu is the microviscosity in the matrix of the gel, kB is Boltzmann constant, T is
the absolute temperature, and f is the friction factor associated with self-diffusion. The
dextrans are slightly branched polysaccharides, flexible, porous macromolecules. The
hydrodynamic radius (Rh) of the dextran probes are relatively stable at low molecular
weight.68;73 So the microviscosity of 3 % and 6 % arborol gels is the same as that of
water when (2Rh) /ξ<<1. It reminds us the scaling law for probes in semi-dilute
solutions:82 f0/fc = ψ(R/ξ) where f0 and fc are the friction coefficient without solute and
at a concentration of c, respectively, and R is the radius of the probe. If R/ξ << 1; then
we have ψ(R/ξ) ~1, and f0 = fc. For FD-40 and FD-70, the difference of the probe
diffusion among water, 3%, and 6% arborol gels is negligible. For all the other big
dextran probes, the differences become noticeable but they are much smaller than those
between water and HPC-300,000 matrix at a concentration of 3.87%.

The

concentration dependence is trivial in arborol gels compared to those in the HPC300,000 gels. To further understand the differences among these three parts of probes
and those between the arborol gels and the HPC-300,000 gel, a more sophisticated
interpretation is needed.
There are many parameters68;83-85 that should be considered, but only the most
important one, the motion of the fibrillar network, is discussed here. The following
discussion is based on that the interaction between probes and arborols or HPC is trivial
60

and can be ignored. Fibrils form networks in the gels, and they like hurdles to the
probes. Meshes in the network have different sizes. Small probes can pass through the
meshes without contacting the hurdles, as the size of the probes goes bigger, more
hurdles should be passed. Larger probes are retarded more, so they diffuse slower than
those in water.
How does the network retard the diffusion, and why are the behaviors of probes in
arborol gels and HPC gels different? The changing of the network includes fluctuation
of the fibrils, movement of the fibrils, and disassembly of the fibrils. When the size of
probes is smaller than the mesh size of the network, the diffusion of the probe is hardly
affected by the movement of the network which is apparently very slow. The diffusion
keeps the scaling law. This is true in arborol gel. As the probe size gets bigger, the
fluctuation of the fibril, which is faster compared to the movement of the fibrils and
easier compared to the disassembly of the fibrils, is the most convenient way to change
the mesh size locally and to benefit the transportation of probes. The fluctuation of the
fibrils is affected by the rigidity of the fibrils, the composition of the fibrils and the
solubility of the fibrils. In water, supposing the matrix have similar repetition, the fibril
that has smaller basic building blocks, and that is less rigid and less hydrophobic, has
the faster fluctuation.

Arborol fibrils are long and thin fibrils under the electron

microscope but they are formed by self-assembling of [9]-12-[9]. The molecular weight
is about one thousand, which is only 1/300 of that of the HPC-300,000. Obviously
arborol fibers have smaller building blocks. The size of one [9]-12-[9] molecule is 2.7
nm, and the fiber length is longer than 1 µm. The ratio of length to width is larger than
100. On the other hand, the 3.87% HPC-300,000 gel has a smaller mesh size about 3
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nm (Bu table 1) and smaller persistence length around 10 nm.86 Its ratio of length to
width is ~3.3, much smaller than that of arborol fibrils. The arborol fibrils are less
rigid, too.

The hydrophobic methylene chains of the arborol are covered by the

hydrophilic part when the [9]-12-[9] molecules stack orthogonally to form the fibril.
This makes the arborol fibrils less hydrophobic than HPC-300,000.

The highest

concentration of HPC-300,000 in water is 3.87% while the arborol content exceeds 6%.
Above all, in water, the fluctuation of the arborol fibrils is easier and faster than that of
HPC-300,000.
The arborol fibrils are very long and entangled together, if one whole fibril
moves, it depends on the macroviscosity. And in this case, the viscosity of 3% arborol
gel (around 200,000 cP at a shear rate of 0.01 Hz for the third gelation gel) is bigger
than that of 3.8% HPC-300,000, 4670 cP. As a gel, the viscosity without shearing is
infinite so the fibrils in the gel network should not move at all, unless they are broken
to small pieces. But the random size distribution of pores provides alternative ways.
Big pores with size larger than the probes’ might be present just next to the smaller
pores in the gel. If bigger probes encounter smaller pores, they might detour to those
bigger meshes. When the arborol molecules form fibrils the space they are occupying
in the gel is only a small portion, and all the others are filled with water. So the big
probes might find a huge pore easily in a short distance and their diffusion would not
been affected much.
The arborol gel melts at high temperatures. To check the temperature effects on
the gel network, different experiments were designed. One of them was using FPR to
measure the diffusion of the probe FD-40 in a 3% [9]-12-[9] gel from 50 to 76 oC. One
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concern is that the melting point of the 3% [9]-12-[9] gel was 93 oC by DSC (The
temperature started at 30 oC, and then increased at 10 oC/min to 105 oC), but the upper
limit temperature of FPR experiment was set at 76 oC, a lower temperature. During the
FPR measurement, the 3% [9]-12-[9] arborol was a solution at 76 oC. This was noticed
by eyes. Why did not the DSC data show a transition around 76 oC? When the FPR
experiment was carried out all the measurements were on one sample at different
temperatures. And each temperature was measured 3 times. The sample had to be held
at each temperature for at least 15 min to finish all the measurements. The procedure of
the DSC experiment was different from that of the FPR experiment. To prove that the
gel may be melted around 70 oC, another DSC experiment was carried out. The
temperature was increased from 5 oC to 70 oC at a rate of 1 oC/min, and held at 70 oC
for 90 min, then up at 1 oC/min to 105 oC. An endothermic peak was found at 12 min
after the oven reached 70 oC and no other peak was found in temperature range from 70
to 105 oC. This result indicates that the gel is melted if it is held at 70 oC for about 12
minutes. So it was reasonable to set the upper limit temperature at 76 oC to check the
gel-sol transition by FPR. Figure 3-11 indicated the diffusion of FD-40 in water and 3
% gel at different temperatures. There was no obvious difference between these two
data sets.
The results from the experiment suggest that the disassembling of fibril network
during the gel-sol transition does not hinder or boost the probes’ movement. Even
though the macroviscosity of the arborol gel is huge compared to that of water, the
diffusion coefficient of probes in the arborol gel is the same as that in water. Besides,
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the big change of viscosities of the arborol gel/solution at different temperatures has no
effects on the probes’ diffusion.
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Figure 3-11 . FPR results, diffusion coefficient of FD40 in water and 3 % [9]-12-[9] at
different temperatures.

As indicated in Figure 3-12, the diffusion of probe FD40 in a3% arborol gel at
different temperatures does not follow the Stokes-Einstein equation if the macroviscosity of the gel is used. On the other hand, if the viscosity of water is used it is in
good agreement with the equation. At temperatures higher than room temperature, the
probes are moving like in free water, too.
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Figure 3-12. FPR and rheology results, diffusion of FD40 in a 3 % [9]-12-[9] gel at
different temperatures. Y-axis: relative viscosity of the gel times Dapp; X-axis:
temperature. Inset: diffusion of FD40 in water at different temperatures.

3.4 Conclusion
Arborol [9]-12-[9] is a two-directional bolaform dendritic amphiphile.

That

dissolves in hot water and forms reversible gel at room temperature. The intrastructure
of the arborol gel formed by [9]-12-[9] was studied by SAXS and FPR. Rheology data
are used as a supplemental method to help interpret the SAXS and FPR data.
The diffusion of fluorescently labeled dextran probes in water, 3% and 6% [9]-12[9] arborol gels was checked by FPR at 25 oC. The diffusion of the probes is identical
for small probes in these three media, and the differences become slightly bigger as the
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size of the probes get bigger. The dependence of diffusion on the concentration of the
arborol gel is much smaller than those of HPC-300,000. The differences between the
arborol gel and the HPC gel are discussed and an interpretation is proposed.
The correlation length, the radius of gyration of cross section (Rcg) and the width
of the arborol fibrils were measured by SAXS as well. The Rcg is measured at four
concentrations, 1.5%, 3%, 4%, and 8% and various temperatures from 30 to 90 oC for
the 8% sample. The Rcg is 2.92 ± 0.24 nm, and it is independent of the concentration
and temperature. If the the cross section is a disc, the average diameter of the fibrils is
8.3 nm. Compared with the largest end-to-end length of one [9]-12-[9] molecule,
which is 2.73 nm, calculated by ChemDraw after minimized the energy of the 3-D
model, the diameter of arborol fibrils is about three times of the length of one [9]-12-[9]
molecule. This means the fibrils in TEM images are multiple strands because the
average width of these fibrils is ~20 nm.
The rheology data based on 3% [9]-12-[9] arborol gel indicate that the shearing
causes permanent damage to the gel. The gel also remembers the heating history by
showing decreasing of viscosities after repeated heating and cooling cycles.

The

macroviscosity of the arborol gel is huge compared to that of pure water, but the
diffusion coefficient of the probe in arborol gels are almost identical to that in water.
This means that the microviscosity of the arborol gel is the same as that of water, and
water inside the network is free.
The [9]-12-[9] arborol gel was melted around 90 oC if the temperature was
increased fast (10 oC/min), and the gel also could be melt around 70 oC if it was held at
that temperature for 12 minutes. Diffusion of probe FD-40 in water and 3 % [9]-12-[9]
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arborol gel at the sol-gel transition temperatures are identical, which indicates that the
collapse of fibrils network during heating has no obvious effects on the diffusion of
probes.
The rheology studies showed a change at 60 oC. The viscosity of the 3% [9]-12[9] arborol gel was decreasing as the temperature was increasing.

When the

temperature was higher than 60 oC, the viscosity dropped faster than those at lower
temperatures. Before the arborol gel reaches its melting point, the fiber network has
already changed on shearing. Though the gel is not melted, it is significantly weakened
around 60 oC.
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CHAPTER 4. SELF-ASSEMBLY AND INHIBITION OF TWODIRECTIONAL ARBOROLS
4.1 Introduction
Self-assembly is widely used in advanced technology and common in nature.87-92
To understand life requires exploring self-assembly and eventually directing selfassembly to help to cure diseases and to enhance the quality of life.93;94
Self-assembly can be generally divided into two types: static and dynamic.92 In
the more commonly studied static self-assembly, once the formation of ordered
structures like molecular crystal, protein globular, lipid bilayer, folding of proteins, and
so on is completed. The resulting structure is stable. More efforts have been directed to
static self-assembly. On the other hand, life is dynamic. The growth of actin filaments,9
fibrous plaques associated with mad-cow disease and Alzheimer’s disease,10;11 and the
aggregating of protein95 are processes of dynamic self-assembly. But the investigations
on these natural diseases encounter high costs, purification difficulties, characterization
dilemmas, a shortage of samples, and all kinds of problems that restrict experimental
methods and hinder the interpretation of results. If some synthetic materials that are
easily prepared and which possess similar self-assembly processes can be used as
models, they will provide an economical and easy way to do the necessary research. A
lot of structures can be formed by self-assembly.92 Fibrils are favored in this chapter.
Only a few artificial systems formed fibrils13;96-98 in water. The two-directional arborol
is one of them.
Two-directional arborols were invented by George Newkome in 1980s.13;36;57
They form fibrils by self-assembly in water. Those fibrils have structures similar to
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those formed by β-amyloid, a protein that is thought to be responsible for the
Alzheimer’s disease. The arborols have a dumbbell shape with two hydrophilic head
groups connected by a hydrophobic chain.
In this chapter, the self-assembly process of a two-directional arborol, [9]-10-[9]
will be discussed. Here, [9] stands for nine hydroxyl groups in each side and -10- is the
ten methylene groups in between. If [9]-12-[9] is cited, -12- indicates twelve methylene
groups.
The fibrils are broken into small fibril fragments by sonication and filtration. The
fragments have a uniform hydrodynamic radius and grow with time. Light scattering,
mainly dynamic light scattering, is combined with transmission electron microscopy to
trace the growth of the fragments with time.

Some factors, like concentration,

temperature, and sample aging are addressed. A mechanism for this self-assembling
process is proposed. By adding a one-directional arborol [9]-6 as an inhibitor, the
growth of [9]-10-[9] fibrils slows down.

4.2 Materials and Methods
4.2.1 Sample Preparation
Arborols [9]-10-[9] and [9]-6 were designed and prepared. The detailed synthesis
followed the procedures developed to produce two-directional arborols by Newkome et
al.

Water was dust-free, de-ionized water from a Barnstead Nanopure water

purification system.
To a 20 mL vial, 40 mg [9]-10-[9] and 10 ml water were added. The mixture was
sonicated for about 20 min at 40-50 oC till it became a clear solution; then it was
filtered by a 0.1 µm Millex-w filter from Millipore.
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It was better to keep the

temperature below 50 oC because the amide group might be decomposed at higher
temperatures. The filtered 0.4% solution was used as a mother solution to prepare
lower concentration solutions. For example, 0.2% [9]-10-[9] solution was prepared by
adding 1 mL 0.4% mother solution to 1 mL water. For those with [9]-6, [9]-6 solution
was prepared separately, filtered by 0.1 µm Millex-w filters from Millipore and added
to the tube first. The [9]-6 solution was checked for dust at 30 degree in the light
scattering system first. The mother solution was added when there was no dust found.
The mother solution has to be added into the [9]-6 solutions to prevent dust
contamination. Normally the samples were stored at 4 oC without special mention.
The volume of solutions was measured with 3 mL BD syringes.

Because

filtrations were applied, samples might be absorbed by the filters which would change
the concentrations slightly. No calibration of concentrations had been done, and the
concentrations used in this chapter were calculated before the filtration.
4.2.2 Transmission Electron Microscopy (TEM)
Measurement was carried out on a JEM-100CX (JEOL, Ltd) in the conventional
transmission mode using 80 kev. The sample was dropped on a carbon-coated copper
grid (Cat # CF 400-CO) and stained by uranyl acetate.
4.2.3 Light Scattering
The setups (Figure 4-1) for both static light scattering and dynamic light
scattering were the circular aperture configuration. The glass sample tubes used for the
light scattering were rinsed well with dust-free, de-ionized water from a Barnstead
Nanopure water purification system. The tubes were checked for dust by viewing a
rinsed tube full of this ultrafiltered water at 30 degrees in the light scattering system.
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The laser used was a COHERENT Inonva 90, with wavelength at 488 nm. The sample
holder consists of an index matching vat containing toluene, which is nearly
isorefractive with the glass cells, normally 13 mm culture tubes with PTFE-lined caps.
The toluene was de-dusted by recirculation through a 0.2 µm PTFE Whatman filter via
pump and the temperature was maintained by a Neslab RTE-110 water bath with an
external Pt-100 Omega temperature probe. The temperature for all the light scattering
experiments reported here was 25 oC. The electronics consisted of a Pacific Precision
model

AD-126

pulse

amplifier/discriminator

(PAD),

a

Hamamatsu

R928p

photomultiplier, and an ALV-5000 multi-tau correlator card installed in a personal
computer. The setup also has a viewing port with 40X magnification, which allowed
for viewing of the beam to be measured. The angle was varied manually by moving the
detector arm to each angle as needed.

Laser

PMT

Correlator

Discriminator

Computer

Figure 4-1. Dynamic light scattering measurement system.
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A well-known latex was used to test this setup. For static light scattering, 15
angles from 30 degree to 120 degree were measured. The intensity used for the Guinier
plot was average of a 10 second run. The intensity was normalized by removing the
dark count and then times sinθ (θ was the scattering angle.).
Dynamic light scattering was usually carried out at five different angles from 30
to 90 degrees.

The optical settings for the instrument remained constant for all

experiments, and only the collection duration varied with the samples. The beam was
viewed at each angle to verify that it was in focus, to check for optical anomalies, such
as bubbles or stray light in the vat, and to check for dust. The duration varied with the
scattering angle, but the lower angles had shorter durations. The data were analyzed by
using cumulants and one exponential fit.99;100

4.3 Principles of Light Scattering
Light scattering is one of the most important ways to characterize
macromolecules. One can obtain the average molecular weight and radius of gyration
(Rg) from static light scattering (SLS) and the hydrodynamic (Stokes) radius (Rh) from
dynamic light scattering (DLS) .101-104 One also can learn about the shape of the supramolecule, whether it is spherical, random-coiled, or rod-like.
In SLS, the magnitude of the vector qs of the scattered beam is nearly the same as
that of the incident wave vector qi . The change in the wave vector upon scattering is
called the scattering vector q . The scattering vector is defined as:
q ≡ q s − qi

(4.1)
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Figure 4-2 indicates the top view of the geometry around the sample cell. The
magnitude of qi is 2π/(λo/n), where λo is the wavelength in vacuo of incoming light and

n is the refractive index in the solution. The magnitude of the scattering vector q can
be calculated as:

q=

4πn

λo

sin

θ

(4.2)

2

Incident
beam

qi

Indexmatching
liquid

Test
tube
θ
qs

Unscattered

qi beam

q
Photodetector

Figure 4-2. Top view of the geometry around the sample cell.

If the experiment is carried out in a very dilute solution, the form factor P(qRg) can be
derived according to equation (4.3).

q 2 R g2
I (q)
P(qR g ) =
≈ 1−
I (0)
3

(4.3)

Rg, the so-called radius of gyration, gives the size of the particle. For a solid object, Rg
is defined through:
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Rg2 =

∫s

2

ρ ( s )d 3 s

V

(4.4)

3
∫ ρ ( s )d s

V

Where ρ(s) is the density of a subvolume of the particle located at some position vector
s from the particle center of mass. Thus, Rg is the root mean square of mass-weighted
distances of all subvolumes in a particle from the center of mass. For a sphere of radius
R it can be shown that
Rg =

3
R = 0.775 R
5

(4.5)

Furthermore, we can rely on a better method, the Guinier plot. The plot named after
Guinier takes advantage of the fact that
ln(1-x) ≈ -x

(4.6)

Then, clearly we get:
ln( I (q )) = ln( I (0)) −

q 2 R g2
3

(4.7)

From which we can easily obtain Rg from the slope of a semilogarithmic plot of
intensity against squared scattering vector magnitude, without really having to estimate
I(0) accurately.
Motions of supra-molecules in solution can be conveniently studied by using
dynamic light scattering (DLS). Figure 4-1 gives the setup of the DLS measurement
system. The light scattering intensity from the polymer solution is not a constant. The
intensity (I) varies with time (t). I(t) fluctuates around its mean <I>. It may appear
completely random and therefore meaningless, but it carries information on the motions
and other fluctuations. The correlator calculates the average of the product of two
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scattering intensities I(t) and I(t+τ) which are separated by τ. Here τ is the delay time.
Auto correlation function (4.8) is the function of τ to get an average of I(t)I(t+τ).
1
G (t) = <I(t)I( t+τ)> = lim
T →∞ 2T
(2)

T

∫ I (t ) ⋅ I (t + τ )dt

(4.8)

−T

In DLS notation, the capital ‘G’ indicates data that are not normalized and the
superscript ‘2’ indicates a second-order autocorrelation function.

Assuming the

scattering is a random Gaussian process and is homodyne (self-beat method). The
correlator estimates the autocorrelation function:
G(2)(t) = B(1 + fg(1)(t)2)

(4.9)

B and f are experimental parameters. Here g(1)(t), the electric field autocorrelation
function can be expressed in a simple exponential:
g (1) (t ) = e − Γt

(4.10)

Where Γ is the decay rate (the inverse of the correlation time). For simple translational
diffusion, the decay rate is (Stokes’ law):
Γ = q 2 Dm =

q 2 kT
6πη o Rh

(4.11)

Where Dm is the mutual diffusion coefficient (also called translational diffusion Dt). So
we can get the hydrodynamic radius Rh from the decay rate.
However, in most of the cases, samples are polydispersed, so a distribution of
Γ values must be considered. Two methods are used in this study. One is cumulant, the

other is CONTIN.
For cumulant, if G(Γ) is the normalized distribution function for Γ, then
∞

g (1) (t ) = ∫ G (Γ)e −Γt dΓ and
0
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∫

∞

0

G (Γ)dΓ =1

(4.12)

One method to get the cumulant expansion of ln g (1) (t ) is to expand
∞

g (1) (t ) = ∫ G (Γ)e −Γt dΓ = e

− Γ t

0

=e

− Γ t

∫

∞

0

∫

∞

0

G ( Γ )e

−( Γ − Γ )t

dΓ



t2
G (Γ) 1 − (Γ − Γ )t + (Γ − Γ ) 2 + ... dΓ
2!



∞

Γ = ∫ Γ G ( Γ ) dΓ

(4.13)

(4.14)

0

The moments of the distribution are defined by
∞

µ n = ∫ G (Γ)(Γ − Γ ) n dΓ

(4.15)

0

g (1) (t ) = e

− Γ t

 µ 2 2 µ3 3 µ 4 4
1 + 2! t − 3! t + 4! t



+


(4.16)

Using Taylor’s series,
x2 x3 x4
ln(1 + x) = x −
+
−
+ ..., (−1 < x < 1)
2
3
4

(4.17)

and collecting terms so that
ln g (1) (t ) = − Γ t +

µ2
2!

t2 −

µ3
3!

t3 +

( µ 4 − 3µ 22 ) 4
t + ...
4!

(4.18)

The coefficients in this series are cumulants and they describe some of the
properties of the Γ distribution. Another quantity, which is used to specify the degree
of polydispersity is the normalized variance defined as µ2/<Γ>2. In our case, if
µ2/<Γ>2 < 0.2, the sample is considered to be relatively monodispersed.
Another method to analyze the polydispersity of data is CONTIN,105;106 a program
for inverting noisy linear operator equations. It seeks the optimal solution by three
types of strategies, 1) Absolute prior knowledge; 2) Statistical prior knowledge and 3)
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The principle of parsimony. The application of these strategies varies from problem to
problem.

4.4 Results and Discussion
Arborol fibrils are the result of the self-assembly of arborols in water. Without
treatment, they are long and thin and cross each other in a network. Can they be broken
into short fibrils with uniform size? Can the short arborol fibrils elongate to long fibrils
in a matter of time? Another two important questions to understand in this study were
whether the inhibitor molecules held promise and how stable the inhibited fibrils were
over time.

For a self-assembling system, there are many ways to break big and

irregular ones into small, uniform ones such as small unilamellar vesicle liposomes
with uniform size and shape by sonication or extrusion;107-109 membrane-based
synthesis of nanometerials;110 polymer chain scission by flow-induced stress;111-114 and
so on. For arborols, sonication followed by filtration produces short, uniform fibrils
(Figure 4-3). Light scattering, including static light scattering and dynamic light
scattering, were the main methods used to check the self-assembly and inhibition of
arborol fibrils. TEM images were used to confirm the extent information of the selfassembly and the inhibition process. The size distribution of fibrils at different stages
was evaluated by cumulant and CONTIN. Sample aging was issued and discussed. In
the end, concentration effects on the growing of fibrils were studied.
4.4.1 Sample Preparation and Size Measurement

The arborols fibrils still can be found in a dilute solution, as low as 0.1%. An
arborol fibril with a length of around 100 nm dynamically occupies a cubic space about
1003 nm3. If the width of the fibril is 20 nm, in a 0.2% arborol solution, theoretically
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every fibril can move in the solution without bumping into others. Theoretically it is
perfect to check the size of the fibrils in 0.2% or lower concentration solutions by light
scattering. To get the 100 nm arborol fibrils, a new method is designed. It is a
combination of two methods that have been proved to be successful in preparing
uniform unilamellar vesicles individually. Sonication and extrusion have been used to
make narrow size distribution liposomes. Sonication is used to dissolve the arborol in
water. The typical extrusion method requires at least ten passes through the membrane.
In this case, two filtrations are applied. In favor of the importance of other research
projects the efficiency of the duration of sonication and the number of filtrations are not
discussed. The effects of inhibitors ([9]-6) are checked by comparing the fragments
with or without inhibitors.

Filter

After Filtering

Before Filtering

Figure 4-3. Cartoon that indicates the function of filtration
In one experiment, 0.1% [9]-10-[9] aqueous solution and a mixture of 0.1% [9]10-[9] and 0.01% [9]-6 were prepared at the same time and from the same mother
solution (Figure 4-4), 0.2% [9]-10-[9] solution; the mole ratio of arborols to inhibitors
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was 5 to 1. The same procedures were used to prepare 0.2% [9]-10-[9] solution and a
mixture of 0.2% [9]-10-[9] and 0.01% [9]-6 with a mother solution 0.4% [9]-10-[9]; the
mole ratio of arborols to inhibitors was 10 to 1. A flow chart to make samples with or
without inhibitors is shown in Figure 4-4. The samples were twice filtered by 0.1 µm
Millex-w filters from Millipore.

No dust was detected after the filtration.

The

temperature was kept at 25 oC by a water bath during the measurement. For static light
scattering (SLS) 15 angles from 30 degree to 120 were measured and Rg was derived
from the Guinier plot. The static light scattering results of 0.2% [9]-10-[9] and 0.2%
[9]-10-[9] with 0.01% [9]-6 immediately after filtration were given in Figure 4-5 as a
Guinier plot. After a linear fit of the plot, the Rg could be derived by the Guinier law,
equation (4.7), for 0.2% [9]-10-[9] Rg = 62.7 ± 0.4 nm, for 0.2% [9]-10-[9] with 0.01%
[9]-6 Rg = 68.6 ± 0.5 nm.

Water
Mother solution

Arborol only

Filtering
Inhibitors

Arborol with
inhibitors

Figure 4-4. Flow chart for making solutions with or without inhibitors

The dynamic light scattering data were collected and plotted as a Gamma (Г) vs
q2 plot from which the hydrodynamic radius (Rh) could be derived. One feature was
that the Rh increased when the sample was stored in the refrigerator for several days.
The fibers were growing. This was a compelling indicator of the self-assembly of the
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arborol. The arborol fibrils kept increasing for a month. The enlarged arborol fibrils
aggregated by shaking, and they looked like dust under DLS because they were huge.
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Figure 4-5. Guinier plot for the dilute aqueous solutions of Arborols, 0.2% [9]-10-[9]
and 0.2% [9]-10-[9] with 0.01% [9]-6 fresh after filtration. For 0.2% [9]-10-[9] Rg = 62.7
± 0.4 nm, for 0.2% [9]-10-[9] with 0.01% [9]-6 Rg = 68.6 ± 0.5 nm.

For five continuous days, samples were checked by DLS daily. DLS was carried
out at five different angles from 40 to 90 degrees. The Rh value was obtained by linear
fit of the data. The Rh increased steadily (Figure 4-6). Because these two samples,
0.1% [9]-10-[9] and 0.1% [9]-10-[9] with 0.01% [9]-6, were prepared at the same time
from the same 0.2% [9]-10-[9] solution, their Rh ≈ 50 nm were the same in the
beginning, but then they were growing at different rates. The growing rate was 20 ± 2
nm/day for [9]-10-[9] only, and 8 ± 2 nm/day for the one with the inhibitor [9]-6. Both
of the rates were relatively constant in the first 5 days. The growing was not always in
a linear rate; it went slower in two weeks or so. The Rh for arborol without inhibitor
was 250 ± 17 nm on the thirteenth day and was 264 ± 27 nm two months after the
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sample was prepared. The Rh for the one with inhibitor was 161 ± 4 and 191 ± 12,
correspondingly. Both of the samples indicated a fast-growing period followed by a
slow-developing period. The one with inhibitor grew more slowly.
At a higher concentration, 0.2%, self-assembly took place at a higher rate, and the
addition of inhibitor [9]-6 hindered the growth of the fibrils as well. Two samples,
0.2% [9]-10-[9] and 0.2% [9]-10-[9] with 0.01% [9]-6, were prepared at the same time
from the same 0.4% [9]-10-[9]. In one day after filtration the fibrils grew from 45 ± 1
to 273 ± 8 nm for the one without inhibitor, and from 52 ± 1 to 167 ± 3 for the one with
inhibitor. The one with inhibitor grew slower, too.
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Figure 4-6. Self-assembly of dilute arborols solution 0.1% [9]-10-[9] and 0.1% [9]-10[9] with 0.01% [9]-6. Rh Changed in five continuous days after filtration, the one with
inhibitor ([9]-6) was growing more slowly.
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Arborol forms rigid rods,115;116 which Kirkwood modeled as a linear array of
beads to predict the hydrodynamic interactions.117 The rod length could be calculated
according to equation (4.19).
L=

k B T ln x
3πη 0 D

(4.19)

Here, x is the ratio of rod length to rod diameter (L/d). The other symbols were
all the same as defined above. For rod we could use Rg = L2 / 12 to calculate the
length, place that result along with the measured diffusion coefficient into equation
(4.19), then solve for d. For 0.2% [9]-10-[9], just after the filtration, Rg was 63 ± 1 nm,
d ≈ 22-26 nm. It was about two times the diameter of a single fibril calculated from
SAXS on 3% [9]-12-[9]. In the TEM images of 0.2% [9]-12-[9], the diameter of a clear
fibril was about 10 nm, 20 nm, or 30 nm. As discussed in Chapter 3, the diameter of
the basic fibril checked by SAXS was 8.3 nm if the fibrils are circular in cross-section.
The light scattering, TEM and SAXS data agreed with each other well. If the 10 nm
wide fibrils was the basic fibril width, those with bigger widths were bundles of fibrils.
In the TEM images, the average width of fibers was around 20 nm. The d derived from
the Kirkwood model was acceptable. A precautionary note is appropriate: this analysis
hinges on both uninhibited and inhibited arborol assemblies actually staying in a rodlike shape throughout the process.

From results of the freeze-fracture electronic

microscopy, AFM, and the fluorescence microscopy we knew that arborols formed rods
in water. They were still rods after filtration by which long fibrils were broken into
short ones.
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Figure 4-7. TEM images for 0.2 % [9]-10-[9]. The left image was prepared 7 hours after
filtration and the right image was prepared 22 hours after filtration.

Figure 4-8. TEM images for 0.2 % [9]-10-[9] with 0.01% [9]-6, the left image was
prepared 22 hours after filtration, and the right image was prepared 48 hours after
filtration.
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Figure 4-7 listed TEM images of 0.2% [9]-10-[9], seven hours (the one on the
left) and twenty two hours (the one on the right) after the filtration. They were fibrils,
and the fibrils in the seven hour sample were much shorter than those in the twenty two
hour sample. Rh was 77 ± 2 nm for the seven hour sample by DLS. For the twenty two
hour sample, the Rh value was 273 ± 8 nm. The average diameter of the fibrils was
about 24 ± 10 nm and remained the same from seven to twenty two hours. The
diameter measured by TEM agreed well with those calculated from the Kirkwood
model. Figure 4-8 shows TEM images of 0.2% [9]-10-[9] with 0.01% [9]-6 at 22 hours
(the one on the left) and 48 hours (the one on the right) after the filtration. According
to DLS data, their Rh was 167 ± 3 nm and 195 ± 3 nm, respectively. It was not easy to
tell the fibril thickness/length difference between these two inhibited samples by TEM
images, but it was easy to discern that the fibrils with inhibitors were shorter.
4.4.2 Size Distribution

The textures in Figure 4-7 and Figure 4-8 suggested the domination of short
fibrils in the fragments. Another feature of the data was that the Dapp rose with q2
(Figure 4-9) slightly. Two reasons had been discussed: one was polydispersity, the
other was rod shape. So far, there was no doubt about the rod shape of the arborol
fibrils. Cumulant and CONTIN were used to find out the polydispersity of fibrils.
The length distribution of the fibrils in all the samples was checked by both
cumulant and CONTIN methods. Results from 0.1% [9]-10-[9] and 0.1% [9]-10-[9]
with 0.01% [9]-6 at different time were listed in Table 4-1. In the cumulant analysis,
the normalized variance defined as µ2/Γ2 was smaller than 0.2 in the first several days.
It was a parameter for size distribution and indicated that the samples were reasonably
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monodispersed. For the two-week and two-month samples, the µ2/Γ2 was bigger than
0.2, which showed that the samples were relatively polydispersed.
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Figure 4-9. DLS results in Dapp vs q2 plot for fresh 0.2% [9]-10-[9] and 0.2% [9]-10-[9]
with 0.01% [9]-6. The Dapp rising with q2 agrees with the peedominance of fibril
structures.

Table 4-1. Hydrodynamic radius and size distribution of 0.1% [9]-10-[9] and 0.1% [9]10-[9] with 0.01% [9]-6

Fresh
1 day
2 days
3 days
4 days
Two weeks
Two months

0.1 % [9]-10-[9]
Rh/nm
µ2/<Γ>2 CONTIN
peak (%)
52 ± 2
0.06
91
70 ± 1
0.14
93
92 ± 2
0.15
90
102 ± 1
0.13
93
127 ± 2
0.21
92
250 ± 17
0.25
-264 ± 27
0.21
--
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0.1 % [9]-10-[9] + 0.01% [9]-6
Rh/nm
µ2/<Γ>2
CONTIN
peak (%)
48 ± 2
0.14
94
55 ± 2
0.15
89
65 ± 1
0.11
95
71 ± 2
0.14
90
79 ± 2
0.12
95
161 ±4
0.22
-191 ± 12
0.23
--
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Figure 4-10. Fits chosen by CONTIN for 0.1 % [9]-10-[9] in the first five days. Light
scattering was carried out at 90 degrees. Amplitude is adjusted for clarity.

CONTIN version 1DP was used. The fit was divided into 60 grid points, and dust
counts were included. The chosen CONTIN fits of the 0.1% [9]-10-[9] and for all runs
in the first five days exhibited one major peak, respectively, not less than 89% in the
content, with a narrow size range. All the information supports the conclusion that the
fibril fractures after filtration were narrowly distributed and stayed that way in their
early stage of the fibril growth. Figure 4-10 and Figure 4-11 listed the chosen fits for
these two samples in the first five days separately.
At higher concentration, the µ2/Γ2 of fresh filtered 0.2% [9]-10-[9] and a mixture
of 0.2% [9]-10-[9] with 0.01% [9]-6 was checked at different angles and the results
were plotted in Figure 4-12. All the µ2/Γ2 were smaller than 0.2 and varied between 0.1
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and 0.15. Nonetheless, the fresh filtered samples showed a narrow-sized distribution.
The µ2/Γ2 was getting bigger over time as the fibers were growing longer. It was 0.13
and 0.1 at 90 degree for the fresh sample, 0.52 and 0.25 for the second-day test of 0.2%
[9]-10-[9] solution and the one with inhibitors, respectively.
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Figure 4-11. Fits chosen by CONTIN for 0.1% [9]-10-[9] with 0.01% [9]-6 in the first
five days. Light scattering was carried out at 90 degrees. Amplitude is adjusted for
clarity.

The chosen CONTIN fits agreed well with the cumulant results. Both samples
had a 97% major peak and with a narrow size range for freshly filtered samples. They
were polydispersed from the second day onward. Theoretically, except for the freshfiltered samples, CONTIN could not give a convincing answer without further
approximation conditions applied. Above all, both cumulant and CONTIN results
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suggested that in 0.2% the fibrils were nearly uniform at first and became polydispersed
at a faster speed than those in 0.1% because the fibrils grew faster at higher
concentrations.
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Figure 4-12. DLS results in µ2/Γ2 vs q2 plot for fresh 0.2% [9]-10-[9] and 0.2% [9]-10[9] with 0.01% [9]-6.

4.4.3 Sample Aging

The [9]-10-[9] used to prepare the 0.1% [9]-10-[9] solution above was freshly
made. After two years, the same [9]-10-[9] solid powder was checked again at a
concentration of 0.13%. This time the growth rate of fibrils was slower. The average
growing rate for the 0.13% sample was 6.5 nm per day, while the rate for the fresh solid
at 0.1% was about 20 nm per day.
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Another evidence for sample aging was from kinetic multi-angle light scattering
(KMALS).

The KMALS had an intensity measurement limit. Optical filters were

used to adjust the limit. Above the limit, the intensity was not changing (Figure 4-13).
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Figure 4-13. Intensity change with time of 0.2% [9]-12-[9] checked by KMALS at 35o.

By introducing a filter, one can adjust the maximum intensity of the light
scattering. When the scattering intensity reached the limit of KMALS, in the arborol
solution, the arborol fibrils formed a network. The network held water like a weak gel.
At this state, the fibrils were very long according to TEM results. The duration from
when the sample was freshly filtered to the time that its scattering intensity reached the
maximum intensity was used to determine how fast the sample reached its weak gel
state. It also could be explained as how fast the fibers were growing. The following
experiment was designed to test how fast the weak gel formed after several cycles of
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heating and cooling, in other words, how different heat conditions affected the growth
of arborol fibrils.
Two solutions, 0.2% [9]-12-[9] and 0.2% [9]-12-[9] with 0.02% [9]-6, were
checked. Each sample was completely dissolved at about 80 oC, and part of the sample
filtered by a 0.1 µm Millex-w filter from Millipore at about 45 oC, being checked by
KMALS at 30 oC. The unfiltered solution was stored at room temperature for the next
measurements. One heating cycle was the process that heated up to 80 oC and then
cooled to 30 oC. In every heating cycle, part of the sample was filtered and checked by
KMALS; the other part was kept for the next measurement with more heating cycles.
For each solution, three heating cycles were done. No matter how many heating cycles
were completed, only one filtration was applied to those samples being checked. By
this way, the effects of filtration could be reduced to the minimum and were ignored.
So the rate change of the fibril growth was mainly due to the heating history that is the
number of heating cycles performed to the samples. At 35o, the intensity reached the
maximum first, and the time consumed to reach the maximum is listed in Table 4-2.
Table 4-2. Time to the maximum scattering intensity of arborols with different heat
histories checked by KMALS at 35o
Heating and cooling cycle
0.2% [9]-12-[9]
0.2% [9]-12-[9] + 0.02% [9]-6

1st (hours)
3
18

2nd (hours)
28
49

3rd (hours)
49
118

The data indicate two things. First, the intensity of the sample with inhibitors
increases more slowly than that without inhibitors. This result agrees with observations
in the previous discussion. It is another piece of evidence that the growth of the fibrils
was slowed down by the inhibitors. Second, the fibrils remember the heat history.
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They showed it in the fibril growth rate. The more heating cycles applied, the slower
the fibrils grew. HPLC showed that the content of [9]-12-[9] decreases 2% after three
heating cycles.

There is still no exact answer for where the arborol went.

Decomposition of amide, which took place at high temperatures, might be a cause.
4.4.4 Temperature and Concentration Effects

The temperature effect was reflected on 0.13% [9]-10-[9] in five continuous days.
Normally the sample was measured at 25 oC and stored at 4 oC. On the second day,
after the measurement, the sample was stored at room temperature instead of 4 oC. The
hydrodynamic radius was measured day by day and listed in Figure 4-14.
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Figure 4-14. Self-assembly of 0.13 % [9]-10-[9] at different storage temperatures. The
sample was stored at room temperature on the second after the measurement instead of 4
o
C, which caused a slower growth from the second day to the third day.

The growing rate of fibrils from the 2nd day to the 3rd day was noticeable slower
than those of the other periods. It was at a rate of 4 nm/day from the second day to the
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third. The other periods are at a rate of 7 nm/day. The fibrils were growing faster at
lower temperatures.
The effects of concentration were checked on four concentrations of [9]-10-[9]
and this time the samples were all stored at room temperature from the very beginning.
Figure 4-15 indicated that at a higher concentration, the fibrils were growing faster. At
0.2%, the solution became dusty after three days and it was not suitable for light
scattering to check the size.

Except 0.2% [9]-10-[9], all the fibrils in the other

concentrations were growing linearly in the time range measured.
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Figure 4-15. Self-assembly of [9]-10-[9] at different concentrations.

The average rate was collected and put in a rate versus concentration plot (Figure
4-16). For 0.2%, only the first four points (the Rh of the fibers increased linearly within
these points.) were used to establish the average. It was clear to see that the fibrils grew
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in a rate that had a non-linear relation with the concentration.

The higher the

concentration, the faster the fibrils grew.
When both of the X-axis and the Y-axis are in Log10 scale (inset of Figure 4-16),
the data can be fit linearly. The slope of the fit is 6.7 ± 1.5. If the arborol molecules
are reactants, and the fibrils are products, the arborol-fibril growth is a high-order
reaction. According to this reaction kinetics, the fibril growth might happen as follows.
Near the pre-existed fibrils, several arborol molecules are close to each other. As a
result, the arborols in those multi-molecular aggregates are attached to the fibrils
simultaneously.
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Figure 4-16. Rate vs concentration plot of [9]-10-[9] solutions at room temperature.
Inset: both of the X-axis and Y-axis are in Log10 scale.
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4.5 Conclusion
Two-directional arborols formed hydrogels in water; inside the gel were bundles
of fibrils.

Fibrils were the structure of self-assembly of arborols that stacked

orthogonally together and were held by hydrogen bonding and other intermolecular
forces. The fibrils were still present in dilute solution. Without special treatment the
fibrils were thin and long.

The fibrils could be broken into short fragments by

sonication and filtration. The fibril structure of these fragments was confirmed by
TEM and DLS results. These fragments were not static and kept growing until they
were very long.
In dilute arborol solution, the width of the fibrils did not change during their
growth. It was about 10-40 nm for the fragments and was in the same range for the
fibrils that were fully developed. On the other hand, the length was getting greater. It
increased fast in the beginning, and then slower. The length of the fibrils was checked
by light scattering, mainly dynamic light scattering with TEM as a supplement. The
size was recorded in the form of hydrodynamic radius, Rh. For example, the Rh of 0.1%
[9]-10-[9] was increasing at 20 ± 2 nm/day in the first four days, but barely changed
from the thirteenth day to two months.
The growth of fibrils was affected by the samples’ storage time, their heat history,
concentration, and their storage temperature. Fibrils in the high-concentration solution
grew faster than those in lower concentrations. The relation of concentration to the rate
of growth was non-linear. Two pieces of evidence of sample aging that resulted in a
slower fibril growth were mentioned. One was the storage of the solid arborols; the
growth rate of fibrils prepared from a two-years-old solid [9]-10-[9] was slower than
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that from a fresh solid [9]-10-[9]. The other was heating. High temperature might
decompose arborols, which in turn could generate a slow fibril growth. The fibrils in
the samples that were kept at room temperature grew slower than those stored at 4 oC.
For example, for a two-years-old [9]-10-[9], in a 0.13% solution, the average growth
rate of fibrils stored at room temperature was below one nanometer per day, compared
with seven nanometers per day for fibrils stored at 4 oC. This conclusion might be
unwarranted depending only on this evidence, because the fluctuation of concentration
introduced by filtration is not considered. The experiment carried out on a 0.13% [9]10-[9] solution in five continuous days confirmed the conclusion. On one day the
sample was stored at room temperature, the rate of growth was smaller than those of the
other periods in which the sample was stored at 4 oC.
The fragments were monodispersed when they were freshly made and still
monodispersed at the early stage of the fibril growth. The monodispersity was kept
longer in lower concentrations. The fibril length increased gradually when the fibrils
were short and monodispersed. The length did not double or triple during this period.
It is suggested that the growth of the fibrils in this period was not caused by fragments
connecting.

The source for the fibril growth was from arborols dissolved in the

solution or from much smaller fragments. To the contrary, the fibrils grew very fast at
higher concentrations because at a high concentration (0.2%), the opportunity of
fragments contacting each other increased dramatically. The growth might reach to a
point that fibrils formed a network, and the network was the primary state of the gel.
When the concentration went higher, fibrils joined together to form bundles which
would strengthen the network and eventually formed a real gel. At this point, it was not
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suit to check the Rh of the fibers in the gels with DLS. Another phenomenon was the
slow growth of fibrils from two weeks to two months of the 0.1% [9]-10-[9] solution.
After two weeks growth, most of the sources to the fibrils, like small aggregates of [9]10-[9] and the debris of fibrils, had been attached to the fibrils. At this concentration,
the amount of [9]-10-[9] was limit. Once there was no supply, the fibrils stopped
growing. Adding new arborols and checking whether the fibrils resume their growth
would be a way to test limit-source hypothesis.
The fibril growth was slower when inhibitor [9]-6 was introduced. The fibril
growth was only in length: it was a process of elongation. If inhibitors, like caps, were
put on both of the growing ends, the growth might be stopped.

Based on this

hypothesis, one directional [9]-6 was used as an inhibitor. It had one hydrophilic head
which can attach to the fibril by hydrogen bonds, and the hydrophobic part sticks out to
prevent further attaching of two-directional arborols. The results indicated that the
growth was slowed down but not terminated. Two reasons might be considered. First,
the hydrophobic part of [9]-6 was too short, only six methylene groups. It could not
produce enough space to keep the two-directional arborol away from the fibrils, but the
other one-directional arborols, [9]-8 and [9]-10 had really low solubility, they drove
the aggregation faster according to the experiment results. Second, the amount of [9]-6
was not high enough. Future researches are needed in this area.
Compared with the elongation of β-amyloid fibrils,118-122 similarities in the
elongation process between arborol and β-amyloid fibrils are easily recognized. In
general, the fibrils are all straight and unbranched. During the elongation, both of them
keep the fibril diameter. The diameter of amyloid fibrils is 5-12 nm and it averages 20-
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30 nm for the arborol fibrils, and both of them are kept throughout the elongation
process.

The Rh of the fibrils increases linearly with time at the beginning; the

elongation rate is proportional to the protein or arborol concentrations, and then goes
slowly and finally reaches a certain value and becomes relatively unchanged. The
duration of this process depends on the concentrations. It takes longer at a lower
concentration. With all of these similarities, the understanding of the arborol fibrils
might give an economical and efficient substitute for studying the β-amyloid fibrils. In
the end, it might help to find a way to prevent Alzheimer’s disease.
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CHAPTER 5. GROWING GOLD NANOPARTICLES IN
HYDROGELS
5.1 Introduction
Gold nanoparticles

123-127

(Au NPs) display useful and interesting properties in

optical, magnetic, catalytic and electronic applications. 127;128 At sizes smaller than 100
nm, the shape and crystallographic facets are important factors that affect the activities
of the particles.125;129;130

Of the methods that have been developed to prepare

nanoparticles in shapes such as nanosphere, nanorod, nanocube, etc.,131-136 template
synthesis is one of the most promising.137-139 Template materials have included
micelles,140 cells,141 viruses, protein cages,142 DNA recognition linkers143 and others.144
Surprisingly, hydrogels have not been used as templates; as mechanical solids, gels
would provide shape to devices made from Au NPs. They may be able to stabilize
them against sedimention or aggregation in salty environs.

Several groups have

reported inserting preformed Au NPs in the gels.145-147 Two main methods have been
discussed. One is to centrifuge Au NPs in the gel; the other is to absorb Au NPs in the
gel by repeated heating and cooling. The effectiveness of such strategies depends on
the pore size of the gel relative to the Au NP diameter.
This chapter is devoted to the templated production of Au NPs in a poly-Nisopropylacrylamide
bisacrylamide.

(PNIPAM)

covalently

crosslinked

with

N,N’-methylene

The template is comprised of fibril-forming arborols, which are

bolaform amphiphiles, in which an aliphatic spacer separates two identical zones
heavily coated with hydroxyl groups that can effect the reduction of gold ions. To
protect the hydrophobic spacer from exposure to water, arborols form long fibrils when
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cooled from aqueous solutions; in turn, these fibrils form a true thermoreversible gel by
association.
The original plan was to dissolve this arborol network by application of heat after
the gold had been reduced and the PNIPAM gel crosslinked. One unexpected result
was that the gel was weakened during the formation of Au NPs and finally destroyed,
so the dissolution of the fibrils by heat proves unnecessary. The reason supplies some
information about the creation of Au NPs and, simultaneously, about the forces
stabilizing the fibrillar arborol network template. The long and thin fibrils inside the
gel were broken into short and irregular shapes, with Au NPs scattered around them.
As a reminder, the fibrils inside the gel were formed by self-assembly and were similar
to those formed by β-Amyloid,140;148 which was a protein that is suspected as the cause
of Alzheimer’s disease. The destruction of the fibrils might help in finding the cure for
Alzheimer’s disease.
The PNIPAM gel had a low critical solution transition (LCST) temperature
around body temperature.149;150 The gel was clear below LCST and became milky
above LCST

151;152

because polymer formed a microscopic phase separation due to the

fluctuation of hydrophobic interaction and hydrogen bonding. Implanting the Au NPs
in the PNIPAM gel might unite the advantages of these two materials into one new
material,153-155 like temperature sensors, nano-tunnels and so on. As a temperature
sensor, it behaved differently from those anchoring PNIPAM polymer154 on Au NPs by
covalent bonds. The differences lay in the transition temperature of the resulting
PNIPAM gel, and light transmittance through them. With Au NPs in the PNIPAM gel,
the transition temperature was one degree higher than that of the pure PNIPAM gel, and
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the light transmittance above LCST was 30%, more than three times larger than that of
the pure PNIPAM gel (9%). For those with covalent anchoring, the LCST was 5
degrees lower and the light transmittance was in the same scale as PNIPAM gel.
Compared to the Au NPs created in aqueous media or transferred from oganic media,
the Au NPs in the PNIPAM gel are very stable at room temperature.

5.2 Materials and Methods
5.2.1 Materials
The arborol [9]-12-[9] was from former graduate student Keunok Yu. [9]-10-[9]
and [9]-6 were prepared following Newkome’s methods.

N,N’-Methylene

bisacrylamide (>99%), ammonium persulfate (>98%), tetramethylethylene diamine
(TEMED) (>99.5%), tris(hydrozymethyl)aminomethane (Tris) (ACS reagent) and
hydrogen tetrachloroaurate trihydrat (>99.9%) were bought from Sigma-Aldrich. Nisopropylacrylamide (NIPAM) was bought from Kodak, and 1N sodium hydroxide
from Fisher Scientific. Glutaraldehyde solution (50% in water) was from Fluka. All the
chemicals above were used as received. Water was rendered dust-free and de-ionized
by a Barnstead Nanopure water purification system.
5.2.2 Preparation of Au NPs in 3% [9]-12-[9] Gel
In an 8-mL vial, 30 mg [9]-12-[9] was dissolved in 1 mL of hot water; then the
solution was cooled down to room temperature. It formed a gel in about 5 minutes. On
top of the gel, a mixture of 0.1 mL 1 mg/mL HAuCl4.3H2O solution and 0.1 mL 1 N
sodium hydroxide solution were added. The gel was weakened and finally turned into a
clear pink solution. If the HAuCl4.3H2O solution and 1 N sodium hydroxide solution
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were added to the arborol solution at 80 oC, and the mixture was agitated at that
temperature for 5 min. The mixture did not form gel at room temperature and its color
was purple.
5.2.3 Preparation of Au NPs in Dilute Two-Directional Arborols Solutions
Two arborols ([9]-12-[9] and [9]-10-[9]) were tried. Concentrations varied from 1
mg/mL to 2 mg/mL. At those concentrations the arborols did not form gels. In an 8-mL
vial, a 0.1 mL 1 mg/mL HAuCl4.3H2O solution was added to a 1 mL arborol solution.
To adjust the pH value, 1 N sodium hydroxide solution was added. The mixture was
stored at room temperature, and its color would turn to pink or purple.
5.2.4 Preparation of Au NPs in Dilute One-Directional Arborol Solutions
One-directional arborol [9]-6 at concentrations of 1 mg/mL and 2 mg/mL were
tried. In an 8-mL vial, a 0.1 mL 1mg/mL HAuCl4.3H2O solution and 0.1 mL 1 N
sodium hydroxide solution were added to a 1 mL arborol solution. Black solids formed
after the mixture was stored at room temperature overnight.
5.2.5 Preparation of Au NPs in Tris Solutions
In an 8-mL vial, 200 mg Tris was dissolved in 1 mL water. 0.1 mL 8 mg/mL
HAuCl4.3H2O solution and 0.1 mL 1 N sodium hydroxide solution were added. The
solution was heated occasionally (about three times in the first five days, about 5
minutes each time, with the temperature up to 90 oC.). The mixture was stored at room
temperature for 15 days. A yellow solid precipitated out and sank to the bottom of the
vial. The solution was filtered and dried by blowing nitrogen. White crystal remained
and was used for FTIR.
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5.2.6 Preparation of PNIPAM Gel with Arborols
The mole ratio for N-isopropyl acrylamide to bis(acrylamide) was 50 to 1, and the
weight percentage of N-isopropyl acrylamide was 5% in the gel. For a 1 mL gel, 2 µL
5% ammonium persulfate solution as initiator and 5 µL TEMED as catalyst were used.
The concentration of arborol [9]-12-[9] was 1 mg/mL (0.1%). To prepare the gel, 10%
N-isopropylacrylamide with bis(acrylamide) (monomer mixture) and 0.2% arborol
solution were prepared separately. For 1 mL gel, a 0.5 mL monomer mixture and a 0.5
mL 0.2% arborol solution were mixed and refrigerated for 20 min; then TEMED and
the initiator were added, followed by 10 seconds sonication to remove bubbles, and
refrigerated again for 15 minutes, after which it was safe to be stored at room
temperature.

It formed a strong gel in about one hour.

In this chapter, we use

PNIPAM*, standing for PNIPAM gel with 0.1 % [9]-12-[9].
5.2.7 Preparation of Au NPs in PNIPAM* Gels
The recipe for PNIPAM* gel was the same as above, except in this case 0.1 mL 1
mg/mL HAuCl4.3H2O solution and 0.01 mL 1 N sodium hydroxide solution were
added to 1 mL PNIPAM* gel. The procedure started with mixing a 0.5 mL 10%
monomer mixture, a 0.5 mL 0.2% arborol solution and a 0.1 mL 1 mg/mL
HAuCl4.3H2O solution. The new mixture was refrigerated for 20 min; then TEMED
and initiator were added, followed by 10 seconds sonication to remove bubbles. Then a
0.01 mL 1 N sodium hydroxide solution was added, and then it was put in a refrigerator
for 15 minutes, after which it was taken to room temperature. It formed a gel in about
an hour; the gold particles were still growing in the gel. The pink color appeared about
one and half hours after the sodium hydroxide was added.
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5.2.8 Cross-Polarized Optical Microscopy (POM)
Cross-polarized optical microscopy studies were made on an Olympus-BH
outfitted with a Dage-MTI SIT-66DX digital camera. A Mettler FP80 microscopy oven
provided convenient and rapid temperature control. For the PNIPAM* gel and the
PNIPAM* gel with Au NPs, a mixture was added by a syringe to a one-end flamesealed rectangular microslide (0.1 x 4.0 mm, Vitro Com Inc.) before it formed a gel.
The solution was centrifuged to the sealed end of the microslide. The other side of the
microslide was flame-sealed after the gel formed. In this way, the composition of gels
in the vials would be preserved in the microslides.
5.2.9 Small Angle X-ray Scattering (SAXS)
Small angle X-ray scattering was carried out at the Stanford Synchrotron
Radiation Laboratory on beamline 1-4, using a wavelength of 1.488 Å. Samples were
loaded into X-ray capillary cells (Charles Supper) of diameter 1.0, 1.5 or 2.0 mm,
centrifuged to the bottom and sealed by flame.
5.2.10

Transmission Electron Microscopy (TEM)

Measurement was carried out on a JEM-100CX (JEOL, Ltd.) in the conventional
transmission mode using 80 kev. For Au NPs, about 2 µl solution was dropped on a
carbon-coated copper grid (Cat # CF 400-CO) and measured directly after the solvent
was removed. For [9]-12-[9], the same grid was used, but the sample was stained by
uranyl acetate.
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5.2.11

FT-IR and UV-vis Spectroscopy

FR-IR was carried out on the TENSOR 27DTGs single reflection horizontal ATR.
The formation of Au NPs was confirmed by the absorption spectra centered at ~ 525
nm originating from the surface plasmon of the Au NPs using an HP 8453 UV-vis
spectrometer in 1-cm quartz cells, equipped with a VWR 1167 water bath for
temperature control.

5.3 Results and Discussion
In this section the discussion starts with growing Au NPs in 3% [9]-12-[9] arborol
gel, then advances to the role of arborols in the formation of Au NPs. Next, the use of
this method to grow Au NPs inside a temperature-sensitive PNIPAM gel is discussed.
Finally, some interesting properties of the Au NPs in the gel are addressed.
5.3.1 Formation of Au NPs
The initial goal of the project was to grow gold rods using fibrils in the arborol gel
fibril templates.

The results of the experiment were more than expected.

The

procedure was simple. Gold ions and sodium hydroxide were added on top of the gel.
As discussed in a former chapter, bundles of arborol fibrils tangled with each other and
formed a network, and in the network poles were formed. Small molecules such as
water, gold ions, sodium ions and hydroxide groups could move freely through those
poles, so they could be distributed in the gel by self-diffusion. To quickly and evenly
distribute the gold ions and sodium hydroxide, the gel was melted by heating up to 90
o

C. The gold ions and sodium hydroxyl solutions were added, and the mixture was

agitated. Both of the methods produced Au NPs. Two interesting phenomena were
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noticed. First, the gel was weakened by growing Au NPs, and the long thin fibrils
(Figure 5-2) in pure arborol solutions or gels turned into short and irregular structures
(Figure 5-3). Second, Au NPs formed, and their size and shape depended on whether
the heat and agitation were applied during the preparation.

Figure 5-1. The color of the arborol solution changes after the Au NPs are formed, and it
depends on whether heat or agitation is applied. It is clear before the Au NPs formed
(center vial); it is pink without heating (left vial); and it is purple if the sample is heated.

A TEM image from 0.2 % [9]-12-[9] was indicated in Figure 5-2. The arborol
fibrils are long and thin before the forming of Au NPs. A tiny drop of the [9]-12-[9]
solution was added on a carbon-coated copper grid. After five minutes, extra solution
was suctioned away by filter paper; then uranyl acetate was added as stain. The arborol
fibrils were invisible under TEM without stain.

The fibrils were straight and

unbranched, and the length of the fibrils was more than a micron meter. At higher
concentrations, the fibrils tangled together as strands of fibers.
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Figure 5-2. TEM image for pure Arborol fibrils in 0.2 % [9]-12-[9] aqueous solution.
Sample was negative stained by uranyl acetate. The fibrils were long and unbranched.

A TEM image of negative-stained arborol after the Au NPs formed is shown in
Figure 5-3. The long and thin fibrils disappeared and were replaced by some irregular
structures with a smaller size. Some of the structures clotted together. Dark spots
which were Au NPs scattered in the image.
To see the Au NPs clearly, TEM was carried out without uranyl acetate stain, and
the image was shown in Figure 5-4 and Figure 5-5. Without being stained, only Au
NPs on the grid were visible under TEM. The particles have sharp edges and angles
but there is no dominant shape in which heating and agitation were applied during
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preparation (Figure 5-4). For those without heating and agitation, the Au NPs are
generally spherical (Figure 5-5). If heating and agitation were applied, the Au NPs
were also a little bigger. Their average diameter was 32 nm. It is 20 nm for the Au
NPs formed without heating and agitation.

Figure 5-3. TEM image for 3% [9]-12-[9] after Au NPs formed; the sample was stained
by uranyl acetate. The arborol fibrils disappeared and irregular structures formed.
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Figure 5-4. TEM image for Au NPs formed in 3% [9]-12-[9]; heat and agitation were
applied to prepare the Au NPs. The mixture did not form a gel at room temperature and
was purple in color. The sample for TEM was not stained. Only the Au NPs could be
seen. The arborol fibrils or debris were invisible without being stained by uranyl acetate.
The average diameter of the Au NPs was about 32 nm.

The vanishing of fibrils after the formation of Au NPs is interesting. It has been
discussed that the arborol fibrils resemble those formed by β-amyloid, a small protein
which is believed to be the cause of Alzheimer’s disease. The dissembling of arborol
fibrils is an encouraging hint that the β-amyloid fibrils could be dissolved in a similar
way. Can it help in finding the cure for Alzheimer’s disease? It is a question beyond
the focus of this chapter, but understanding the disassociation of arborol fibrils might
help.
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Figure 5-5. TEM image for Au NPs formed in 0.1% [9]-12-[9] gel; neither heat nor
agitation was applied. The mixture was pink in color. The sample for TEM was not
stained. Only the Au NPs could be seen. The arborol fibrils or debris were invisible
without being stained by uranyl acetate. The average diameter of the Au NPs was about
20 nm.

5.3.2 Mechanism of the Formation of Au NPs
To understand the roles of arborols in the formation of Au NPs, a series of
experiments was carried out. Different compounds, [9]-12-[9], [9]-10-[9], [9]-6 and
tris, were used as reducing agents. The blank run involved putting gold ions into a
sodium hydroxide solution. The function of [9]-12-[9] during the formation of Au NPs
was checked at different concentrations and pH values. The pH values were measured

109

by pH paper (1-14). All the experiments were done in atmosphere. The results are
listed in Table 5-1. The appearance column lists the color and the state of the products.
According to TEM and UV-vis, pink and purple indicated the existence of Au NPs with
different sizes. Dark blue indicated larger-sized particles, bigger than 100 nm. Black
precipitates were chunk amorphous solid. The yellow precipitate was gold, too, but
they were large precipitates.
The sol-gel transition was noticed in all the first three runs. In runs 1-3, 3% [9]12-[9] were used.

In the first two, gold ions were added to the hot and melted

solutions. Heating and agitation were applied. After cool down, they failed to form a
gel. It is different from the pure 3% arborol solution which formed a gel in several
minutes after it was cooled down. Sample No. 2, which used five times more moles of
gold ions and a higher gold ion concentration, produced a dark blue mixture which
predicted that larger size particles would be formed. Instead of mixing gold ions in hot
solutions, for sample No. 3, gold ions were added on top of the gel at room
temperature, with no heating or agitation. Pink-colored particles formed after several
days, and the gel turned to solution. If the gel dissolved, the long and thin fibrils which
held water and strengthened the gel disappeared, and irregular short structures
dominated in the TEM images (Figure 5-3). The size of Au NPs prepared in samples
No.1 and No. 3 is discussed in the next section.
The addition of sodium hydroxide could enhance the speed of the reaction. To the
same 0.15% arborol solution, sodium hydroxide was added in sample No.5. On the
other hand, no base was added in sample No. 4. Sample No. 5 had a higher pH value
than sample No. 4. The color change in sample No. 5 could be recognized within an
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hour. It took days in sample No. 4. Here the color change did not mean the reaction
was finished. It was a signal that the reaction had started and could be noticed by th
naked eye.
Is the bolaform amphiphilic structure important? What are the functions of the
hydrophilic or the hydrophobic parts? In a blank reaction, gold ions were mixed with
1N NaOH (No. 14) solution; black precipitates were formed in several days. Different
reagents, tris, [9]-6, [9]-10-[9], and [9]-12-[9], were introduced one by one, with
increasing hydrophobic chains and relatively decreasing hydrophilic to hydrophobic
ratios.

The results showed what the possible reducing agent was and what was

important to stabilize the Au NPs.
To a mixture of gold ions and NaOH, pH was adjusted to 9-10 after adding the
reducing agent. If the reagent was tris, which had no hydrophobic chain, gold ions
formed black precipitates in several days at low tris to gold ions ratio (No. 11), with
heating and agitation applied three times a week. Each time, it was sonicated 3 minutes
after the temperature reached about 85 oC; at a higher tris-to-gold ions ratio (No. 12),
yellow precipitates (gold) were formed. It indicated that tris had the reducing groups
but did not have the ability to stabilize the colloid particles. If the reagent was [9]-6
(No. 8 and 9), which had six methylene groups as the hydrophobic chain, gold ions
turned to black precipitates in one day; colloid gold was found but was not stable at all
in [9]-6 solutions. If the reagent was [9]-10-[9] (No. 7), which had ten methylene
groups in the center of the dumbbell with a hydrophilic ball at each end, pink colloid
Au NPs were found, but they were stable only for several days. If the reagent was [9]12-[9] (No.6), which had two more methylene groups than [9]-10-[9], stable Au NPs
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were prepared. The length of the hydrophobic chain played an important role in
stabilizing the Au NPs.

Table 5-1. Experiments of gold ions with different reducing reagents
No. Reducing reagents

Mole
pH
ratio to
Gold ions

1*

3 % [9]-12-[9]

150:1

9-10

2*

3 % [9]-12-[9]

30:1#

9-10

3

3 % [9]-12-[9]

300:1

9-10

4

0.15 % [9]-12-[9]

15:1

6-7

5

0.15 % [9]-12-[9]

15:1

9-10

6

0.1 % [9]-12-[9]

10:1

9-10

7

0.1 % [9]-10-[9]

10:1

9-10

8

0.1 % [9]-6

20:1

9-10

9

0.2 % [9]-6

40:1

9-10

10* 2 % tris

160:1#

9-10

Turned to purple in two days, not gel,
stable Au NPs
Turned to dark blue, not gel, big
particles
Turned to pink in several days, not
gel, stable Au NPs
Turned pink in several days, stable Au
NPs
Turned pink within an hour, stable
Au NPs
Turned pink, stable Au NPs
Turned pink first, then formed black
precipitate after several days
Black precipitates over night; pink
solution could be seen initially
Black precipitates over night; pink
solution could be seen initially
Yellow precipitates in two weeks

11* 0.2 % tris

16:1

9-10

Black precipitates in several days

12

0

13-14

Black precipitates in several days

water

Appearance

o

Note: * these samples were heated to 90 C and sonicated for about 3 minutes. For
samples No.10 and 11 heating and sonication were done once a day in the first five days.
# in these samples, a solution of 8 mg/mL HAuCl4.3H2O was used instead of 1mg/mL.
Compared with the FT-IR of the tris before the gold formed, two new peaks
appeared after the gold precipitated out.

They were at 1664 and 2498 cm-1,

respectively. The peak at 1664 cm-1 was weak. It was from the absorbance of carbonyl
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groups or double bonds. The peak at 2498 cm-1 was strong. It was from the complexes
formed by tris and gold ions.
According to our results and the literature,156 which reported that methanol could
produce colloid gold with the presence of stabilizers, the process of the formation of Au
NPs in arborol solutions is in two steps. First, gold ions, Au (III) are captured by
hydroxide groups in arborols to form complexes, and reduced to Au (I) with the
presence of OH-. Second, Au (I) turns to Au and Au (III) via an equilibrium. The OHincreases the speed of reaction in the first step. Once the gold particles are formed,
they are surrounded by hydrophilic groups in tris or arborols, which isolate the Au NPs
and keep it from air oxidation. The NPs have a trend to grow and form bulk gold; only
the one that has a hydrophobic chain long enough, like [9]-12-[9], could prevent the
particles from growing big. If the chain is not long enough, big particles form.127;157
With this mechanism in mind, a hypothesis is proposed to understand the
disassembling of the arborol gel during the formation of the Au NPs. Arborol gels are
strengthened by bundles of arborol fibrils, and the arborol fibrils are formed by selfassembly of arborols held by hydrogen bonds and other intermolecular forces. The
formation of gold complexes requires hydroxyl groups, which could be from the same
arborol molecules or from adjacent molecules. Either way, the self-assembly of the
arborols is disturbed because hydroxyl groups are essential for the formation of the
hydrogen bonds, and the hydrogen bonds are part of the key connections for the selfassembly of the arborols. When the gold ion is reduced the –CH2OH group is oxidized
to the carbonyl group or enol; the hydrogen bonds are destroyed, and the self-assembly
is disturbed. This is just for the reduction of one gold atom. If 0.14 nm is used as the
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radius of one single gold atom, to form an Au NP with radius around 16 nm, about 106
gold atoms are needed. The Au NPs are an aggregation of gold atoms. If all these gold
atoms are formed near the first atom, it is not hard to understand how the production of
the nanoparticles results in the disassembly of the arborol fibril scaffold.
5.3.3 Size of Au NPs
The size of the Au NPs was checked by two methods. One was the average size
from particles captured in the TEM images; the other was Rg derived from the Guinier
plot of SAXS data.
For sample No. 1 in Table 5-1, the average diameter of 100 particles in TEM
images was 33 ± 6 nm. Small angle X-ray scattering was carried out at Stanford
Synchrotron Radiation Laboratory on beamline I-4, using a wavelength of 1.488 Ǻ.
The sample was loaded into X-ray capillary cells (Charles Supper) of diameters 1.0, 1.5
or 2.0 mm, centrifuged to the bottom and sealed by flame. The experiment was carried
out at room temperature. The Guinier plot is in Figure 5-6 with water as background to
normalize the data. A commercial Au NP product was used as reference. The diameter
of the particles listed by the vendor was 20 nm. The radius of gyration (Rg) was
obtained from the slope of the linear fit. For the 20 nm Au NPs, the measured Rg was 9
± 1 nm, and for Au NPs in 3% [9]-12-[9] it was 16 ± 1 nm. If the shape of the Au NPs
were cubic, the sizes calculated from TEM images, and SAXS would be in good
agreement.
For the gold particles formed in 3% [9]-12-[9] without heating and agitation, the
pink sample, the Rg was 12 ± 1 nm. The size of Au NPs in 0.1% [9]-12-[9] (sample No.
6 in Table 5-1) was calculated from particles in TEM images with an average diameter
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of 19 ± 3 nm. This same recipe was used to grow Au NPs in PNIPAM* gel. The size
obtained from the Guinier plot of SAXS data of Au NPs inside the PNIPAM* gel was
10 ± 1 nm. TEM images (Figure 5-5) indicated that the Au NPs had a spherical shape;
in this case the Rg =

3 / 5 R. It was in good agreement with TEM results, too.

Gold nanoparticles in 3% [9]-12-[9] purple
Gold nanoparticles in 3% [9]-12-[9] pink
20 nm commercial gold nanoparticles
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Figure 5-6. SAXS data, Guinier plot of Au NPs formed in 3% [9]-12-[9] purple and
pink. From the slope of the linear fit, the Rg of the purple NPs was 16 ± 1 nm, and for the
pink was 12 ± 1 nm. The 20 nm gold was used as reference.

Comparing the size of Au NPs in sample No. 1 with No. 3 and 6, the size is
bigger if heating and agitation are applied. Considering the trend of colloidal gold to
grow very large, the heating and agitation are favoring this trend but still can not break
the opposite balance from [9]-12-[9].
Above all, stable Au NPs can form in arborol [9]-12-[9] gels or solutions. The
concentration of arborols can be as low as 0.1%. The arborol is both a reducing agent
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and a stabilizer. No heating or vigorous agitation is required. No additional stabilizer
is necessary.
5.3.4 Growing Au NPs in PNIPAM Gels
Several groups have reported inserting Au NPs in the gels.146;147;155 Two main
methods have been discussed. One is to centrifuge gold particles in the gel, the other is
to absorb gold particles in the PNIPAM gel by repeated heating and cooling. In both of
the procedures, Au NPs were prepared outside of the gel and then transfered the
particles in the gel. It may cause uneven distribution of Au NPs in the gel. So far no
one has grown Au NPs directly inside the gel. As the arborol [9]-12-[9] can act as both
a reducing agent and a stabilizer to produce Au NPs without heating, agitation and
other harsh treatments, so it can be used to grow Au NPs directly inside the PNIPAM
gel.
A schematic illustration of the procedures to grow Au NPs inside the PNIPAM*
gel appears in Figure 5-7. The arborol, the monomer N-isopropylacrylamide (NIPAM),
the crosslinker N,N’-Methylene bisacrylamide, hydrogen tetrachloroaurate trihydrate,
the catalyst tetramethylethylene diamine (TEMED), and sodium hydroxide are mixed
according to the recipe in the materials and methods part that results in formation of the
PNIPAM* gel first. After bubbles are removed, the initiator ammonium persulfate is
added, and the mixture is rocked at 4 oC for a short time.
The PNIPAM* gel forms in a half hour; the pink color that indicates the presence
of gold nanoparticles is noticeable in one hour, and the growing of gold particles is
finished in about three hours. The growing of the Au NPs is traced by UV-vis. The
absorption peak occuring at ~ 525 nm originates from the surface plasmon of the Au
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NPs; it appears at one hour after the initiator was added. The intensity of the
absorbance stops increasing after 3 hours (Figure 5-8).

Heating

PNIPAM gel
Cooling
T>LCST
Cloudy gel

T<LCST
Clear gel

Arborol, Au(III)
Monomer,
Cross-linker

Au NP
forming

Initiator

Growing
Heating

PNIPAM gel
With Au NPs

Cooling
T>LCST
Cloudy gel

T>LCST
Clear gel

Figure 5-7. Schematic illustrations of the morphology changing of the PNIPAM gel
with/without Au NPs below and above the LCST and a schematic illustration of the
procedures to grow Au NPs in PNIPAM gel.
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Figure 5-8. Forming of gold particles in the PNIPAM gel. The absorption peak at ~ 525
nm originates from the surface plasma of the Au NPs.
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The size of the Au NPs in the PNIPAM* gel was determined by SAXS. The
experiment was carried out at SSRL too, but this time PNIPAM* gel was used as
background to normalize the data. So the absolute scattering intensity after removing
the background was from Au NPs. The Guinier plot was given in Figure 5-9, and the
commercial 20 nm Au NPs were again used as reference. The radius of gyration (Rg)
was obtained from the slope of the linear fit, and it was 10 ± 1 nm, in good agreement
with the size of Au NPs formed in 0.1% [9]-12-[9].
One important reason for choosing PNIPAM was that the gel had a phase
transition temperature (low critical solution temperature, LCST) around body
temperature. Below the LCST, PNIPAM gel was a clear gel; above the LCST, it
shrank and turned milky.
Two methods were used to determine the LCST, POM with a hot stage and UVvis. The UV-vis transmittion spectra of PNIPAM* gel and PNIPAM* gel with Au NPs
are listed in Figure 5-10 and Figure 5-11 respectively. According to the spectra, the
LCST for PNIPAM* gel was 32-34 oC, and it was 33-35 oC with Au NPs. It was only
one degree higher with Au NPs. But the light transmittance of these two samples
behaved differently. For PNIPAM* gel, it dropped from 87% to 9%. Because of the
absorbance of the gold plasmon, it was no surprise that PNIPAM* gel with Au NPs
would have a concave light transmittance around 525 nm, which was correlated to the
convex of its absorbance. Above the LCST, its transmittance was 34%. This was
almost four times higher than that of PNIPAM* gel only. The transmittance was
roughly the same through the wavelength measured, and there was no gold plasmon
absorbance peak any more.
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Figure 5-9. SAXS data, Guinier plot of Au NP in PNIPAM gel; commercial 20 nm Au
NPs was used as reference.
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Figure 5-10. UV-vis of PNIPAM* gel at different temperatures. The phase transition
temperature of PNIPAM* gel was 33-34 oC. There was a significant drop of light
transmittance from 33 to 34 oC.
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Figure 5-11. UV-vis of PNIPAM* gel with Au NPs at different temperatures. The phase
transition temperature was 33-35 oC. There was a significant drop of light transmittance
from 33 to 35 oC. The absorbance peak of gold plasmon disappeared above the phase
transition temperature.
The UV-vis transmittance of the PNIPAM* gel and the PNIPAM* gel with Au
NPs below and above the LCST are listed in Figure 5-12. The cartoon on the right
shows that the PNIPAM* gel shrinks above the LCST, which has a lower light
transmittance. The PNIPAM* gel with Au NPs shrinks too, but not as much as the pure
PNIPAM* gel. The LCST of PNIPAM* gel with Au NPs is only one degree higher
than that of the pure PNIPAM gel*, and the transmittance above LCST is 34%, more
than three times of that of the pure PNIPAM gel (9%). It is different from those
anchoring the PNIPAM polymer on Au NPs by covalent bonds.

For covalent

anchoring, the LCST is 5 degrees lower, and the transmittance is in the same scale as
that of PNIPAM gel, which is less than 10%.154
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Figure 5-12. Transmittance change with/without Au NPs. The transmittance of
PNIPAM* gel with Au NPs is 34%, which is about 5 times higher than PNIPAM* gel
only.

The transition point of PNIPAM* gel with Au NPs was checked by POM too. It
was 34 to 36 oC. An apparently birefringence structure (Figure 5-13) was found in
samples when they were held at transition temperature.

It was moving, but the

structure was stable at that temperature. For PNIPAM* gel with Au NPs, the structure
could be found at 35 oC. No structure remained below or above this temperature.
Below the LCST, the view under two crossed polarizers was dark, but it was bright
above the LCST, which was induced by multiscattering light of the shrunk micro
domain in the gel.
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Figure 5-13. POM texture of gold in gel at transition point. The structure is moving and
exists only at the transition temperature.

Figure 5-14. Picture of Au NPs in PNIPAM* gel with a black center (right one) and gold
solution (left, 0.1 wt% HAuCl4.3H2O aqueous solution)
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Another interesting property for the PNIPAM* gel with Au NPs was that it
restores the intrastructure by rehydrating the completely dry sample. In Figure 5-14 the
right cell was one sample of PNIPAM* gel with Au NPs. The dark center was made
during the preparation of Au NPs in the PNIPAM* gel. After this sample was dry, it
formed a small chunk attached on the cell wall. If water was added, it restored the
structure.

5.4 Conclusion
An arborol hydrogel (3% [9]-12-[9]) was used as template to prepare Au NPs.
The process was simple, applying gold ions and sodium hydroxide on top of the gel, Au
NPs with an average diameter smaller than 50 nm were formed in atmosphere. No
heating, agitation, and other stabilizers were necessary. To form stable Au NPs, the
concentration of arborol solutions can be as low as 0.1%. The arborol acted as both a
reducing agent and a stabilizer. Along with the growth of Au NPs, the gel was
weakened. The straight, unbranched, long, and thin fibrils turned into irregular smaller
structures. The hydroxyl groups in the arborols were oxidized to enol or carbonyl
groups by gold ions in basic surroundings. The number of the methylene groups in the
center of the arborol was important to keep the Au NPs stable. It should be at least
twelve. If the methylene chain was too short, like [9]-10-[9], the life of the Au NPs
was not long.
As an application, a temperature sensor was designed and prepared by growing
the Au NPs directly inside a temperature sensitive hydrogel, PNIPAM gel. A solution
of 0.1% [9]-12-[9] was mixed in the PNIPAM gel and acted as the reducing agent. The
procedure was simple: mixing the reagents according to the recipe, the PNIPAM gel
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formed first, and the Au NPs continued growing in the gel. The PNIPAM gel with Au
NPs had an LCST that was one degree higher than that of the pure PNIPAM gel. To
the contrary, if the Au NPs are attached to the PNIPAM by covalent bonds, the LCST is
about 5 degrees lower. The light transmittance of the PNIPAM gel with Au NPs was
increased to 30% above LCST. The light transmittance of pure PNIPAM was only 9%.
Because of the presence of the Au NPs in the gel, the shrinkage of the PNIPAM gel
was smaller, so the light transmittance was larger.
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CHAPTER 6. BUILDING ARBOROL FIBRIL NETWORK IN
OTHER HYDROGELS
6.1 Introduction
As discussed in previous chapters, the arborols form fibrils in water, bundles of
fibrils cross each other in a network, which hold water like jelly and become a real gel.
One goal for the research in this chapter is to build nano-tunnels in hydrogels. The plan
is to grow an arborol fibril network in hydrogels, like PNIPAM or PAA gels first, and
then replace the arborols with water. The space occupied by the arborol fibrils should
turn to nano-tunnels. The nano-tunnel can be used in micro transportation or separation.
In return, by discerning the construction of the tunnels, one can look into the intrastructure of the arborol gels as well. The arborol gels have been successfully built in
the PNIPAM and PAA gels. So far I have not been able to characterize the fibrils or
the tunnels in the PNIPAM or PAA gels because the best instrument (freeze fracture
TEM or cryo-SEM) for this measurement has not been available since I enrolled at
LSU in 2001. Alternative methods are designed and have not been tested yet. Besides
the nano-tunnel, the properties of the PNIPAM gels are modified by incorporating with
arborol gels. The results are interesting and promising. They can not be fit in any of the
other chapters at this moment, so a new chapter is assigned tothem.

6.2 Materials and Methods
6.2.1 Materials
Arborol [9]-12-[9] was from former graduate student Keunok Yu. Acrylamide
(>99%), N,N’-Methylene bisacrylamide (>99%), ammonium persulfate (>98%), and
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tetramethylethylene diamine (TEMED) (>99.5%) were bought from Sigma-Aldrich.
The N-isopropylacrylamide (NIPAM) was bought from Kodak. All the chemicals
above were used as received. Water was dust-free, and de-ionized from a Barnstead
Nanopure water purification system.
6.2.2 Preparation of PNIPAM Gel
The mole ratio for N-isopropyl acrylamide (NIPAM) to N,N’-Methylene
bisacrylamide (crosslinker) was 50 to 1, and the weigh percentage of N-isopropyl
acrylamide was 5 wt% in the gel. For 1 mL gel, 2 µL 5% ammonium persulfate
solution as initiator and 5 µL TEMED as catalyst were used. To prepare the gel, 5 wt%
NIPAM with bis(acrylamide) was prepared first. To a 10 ml vial, 1 ml 5 wt% NIPAM
solution with crosslinker and 5 µL TEMED were added. After bubbles were removed,
the mixture was put in a refrigerator at 4 oC for 20 min, then 2 µL initiator was added
along the wall of the vial. The mixture was stored at 4 oC again for 15 minutes; after
that it was safe to keep it at room temperature. It formed a strong PNIPAM gel in about
a half hour.
6.2.3 Preparation of PNIPAM Gels with Arborol Gels
The mole ratio for N-isopropyl acrylamide to N,N’-Methylene bisacrylamide was
50 to 1, and the weigh percentage of N-isopropyl acrylamide was 5 wt% in the gel. For
1 mL gel, 2 µL 5% Ammonium persulfate solution as initiator and 5 µL TEMED as
catalyst were used. The concentration of arborol [9]-12-[9] was 30 mg/mL (3%). To
prepare the gel, 5 wt% N-isopropyl acrylamide with bis(acrylamide) was prepared first
and used as a solvent to dissolve solid [9]-12-[9]. For 1 mL gel, 30 mg arborol was
dissolved in 1 mL 5 wt% NIPAM and cross-linker solution at about 90 oC. TEMED
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was added before the solution turned to gel at room temperature and bubbles were
removed. The solution turned to arborol gel at room temperature in about five minute.
The gel was put in a refrigerator at 4 oC for 20 min. Then the initiator was added along
the wall of the vial, and the mixture was stored at 4 oC again for 15 minutes, after that it
was safe to keep it at room temperature. It formed strong PNIPAM gel in about one
hour. In this chapter, the PNIPAM# gel standing for PNIPAM gel with 3% [9]-12-[9].
6.2.4 Preparation of PAA Gels With Arborol Gels
The procedure and recipe were the same as those used to prepare PNIPAM gel
with arborol gel, except acrylamide was used instead of N-isopropyl acrylamide.
6.2.5 Differential Scanning Calorimeter (DSC)
DSC was carried out on a Seiko DSC 120, which was calibrated with In and Pb
standards. The cell was from TA instruments, catalog number T30507. A small
portion of the gel (about 30 mg) was transferred to an aluminum pan, and the pan was
sealed with an aluminum cap. As reference, 30 mg of water in a sealed pan was used.
6.2.6 Light Transmittance
Light transmittance was measured by Mettler FP 82 equipped with a photometer.
The FP 82 was connected to a computer by an RS 232 port, and data transferred from
the FP 82 were collected by software in a Windows accessory.
6.2.7 Cross-Polarized Optical Microscopy (POM)
Cross-polarized optical microscopy studies were made on an Olympus-BH
outfitted with a SIT-66DX digital camera. The mixture was added by suction to a one
end flame-sealed rectangular microslide (0.2 x 2.0 mm, Vitro Com Inc). The solution
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was centrifuged to the sealed end of the microslide. The other side of the microslide
was flame-sealed.

6.3 Results and Discussion
In this chapter, the PNIPAM with arborol gels or PAA with arborol gels are
named gel in gel. The objective to make gel in gel is to incorporate the advantages of
arborol gels and PNIPAM gels to form new materials. The arborol gel is a hydrogel
formed by bundles of fibrils. The PNIPAM gel is a temperature sensitive hydrogel that
has a LCST from 32 to 36 oC. Both of the gels are using water as solvent. One is
formed by self-assembly; the other is formed by polymerization with cross-linker. How
are these two interfering with each other? Is there still a phase transition? Does the
LCST go higher or lower? How do the arborol fibers change around the LCST? How
does the energy change during the phase transition? Can the arborol fibrils be removed
from the PNIPAM gel? After removing the fibrils, will fibril tunnels be kept inside the
gel? In this section, some of these questions will be answered, and some will need
further investigation.
6.3.1 Sample Preparation
As discussed in Chapter 3, inside the arborol gel there are pores through which
ions and small particles can pass freely. On the other hand, the PNIPAM gel is a
homogeneous gel, in which small particles can not diffuse as freely.

To evenly

distribute the material, the arborol gel was to form first in a NIPAM monomer solution
and then the PNIPAM gel. The process is illuminated in Figure 6-1. The red straight
lines stand for the arborol fibrils; the gray straight lines are symbols for tunnels; the
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gray dotted line is monomer NIPAM with cross-linker, and the gray solid line is
PNIPAM gel.

Polymerization

Arborol fibrils in
NIPAM solution

Removing
arborols

Gel in gel

Tunnel in gel

Figure 6-1. Sketch for the process to make gel in gel, tunnel in gel. The red straight lines
stand for the arborol fibrils; the gray straight lines are tunnels; the gray dotted line is
monomer NIPAM with cross-linker, and the gray solid line is PNIPAM gel.

To prepare an arborol gel inside PNIPAM gel, 3 wt% [9]-12-[9] was dissolved in
hot NIPAM solution instead of water. The arborol formed gel after it was cooled to
room temperature. In order to check the light transmittance, a small portion of this
solution was transferred to a one-side-sealed 0.2 x 2 mm Vitro Cell. The cell was
stored in a refrigerator at 4 oC for a half hour. About 1 µL initiator, 500 mg/mL
(NH4)2SO8, was added to the cell; then the cell was sealed and stored in the refrigerator
again. By being stored in the refrigerator for a half hour, the heat produced by the
polymerization of NIPAM was balanced by the low temperature in the refrigerator, and
the PNIPAM formed in the cell would be more uniform. Otherwise, the gel was milky.
Two experiments had been done to check the storage temperature, one stored in a
refrigerator and the other at room temperature. The results prove that keeping the
sample in a refrigerator was a good choice. The sample in the Vitro cell should be
clear. But if the sample was stored at room temperature, some parts of the sample were
milky, and the other parts were clear. This was caused by uneven distribution of the
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initiator and the fast polymerization reaction.

The PNIPAM turns milky at high

temperatures. The heat produced by the polymerization could change the conformation
of the PNIPAM gel. If the cell is put in the refrigerator, the temperature is much lower
than the LCST, and polymerization goes slower at the lower temperature. The heat
produced by the reaction is not enough to boil the sample.
6.3.2 Phase Transition Temperature
The PNIPAM gel had a phase transition around 33 oC. The gel in the cell turned
milky when the temperature was higher than this, and it turned clear when the
temperature went lower again. This was a repeatable process. According to light
transmittance results, the phase transition range for gel in gel was 24 -30 oC on heating
at 1 oC/min (Figure 6-2) and 23-28 oC on cooling at 2 oC/min (Figure 6-3).
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Figure 6-2. Light transmittance on heating around LCST. The phase transition range for
gel in gel was 24 -30 oC on heating by light transmittance. The LCST for the PNIPAM
gel was 33 oC.
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Figure 6-3. Light transmittance on cooling around LCST. The phase transition range for
gel in gel was 23-28 oC on cooling. The LCST for the PNIPAM gel was 33 oC.
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Figure 6-4. Light transmittance of gel in gel around LCST at different heating rates. The
LCST shifted to a higher temperature as the heating rate was increased.
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Figure 6-5. Phase transition of gel in gel checked by DSC at different heating and
cooling rates. It increased from 32 oC to 34 oC when the heating rate increased from 1
o
C/min to 5 oC/min. It was decreased from 31 oC to 28 oC when the cooling rate
increased from 1 oC/min to 5 oC/min.
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Figure 6-6. Phase transition energy of gel in gel and PNIPAM gel measured by DSC on
heating at 1 oC/min. It was 1.3 J/g and 2.1 J/g for gel in gel and PNIPAM gel,
respectively.
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Both of the light transmittance and DSC data indicated that the LCST varied
according to the heating or cooling rate (Figure 6-4 and Figure 6-5).

According to

DSC results (Figure 6-5), the transition temperature increased when the heating rate
was higher. It rose two degrees to 34 oC when the heating rate changed from 1 oC/min
to 5 oC/min. And it decreased when it cooled faster. It was decreased from 31 oC to 28
o

C when the cooling rate increased from 1 oC/min to 5 oC/min. That was due to the

response delay of the gels. The transition temperature of gel in gel was lower than that
of PNIPAM gel if measured by light transmittance. It was about 7 oC lower on heating
at 1 oC/min.

By DSC it was only 2 oC lower.

The difference in the samples’

thicknesses was one reason. For light transmittance measurement, the thickness of the
cell was 0.2 mm, and the thickness of the DSC cell was 2 mm. The presence of the
arborol gel drove the phase transition energy lower. It was 1.3 J/g and 2.1 J/g for gel in
gel and PNIPAM gel, respectively. The DSC pan is metal while the Vitro cell is glass.
This matters, too.
6.3.3 Light Transmittance Under Polarizer
The light transmittance of gel in gel and the pure arborol gel was checked under
one polarizer or two crossed polarizers. If one polarizer was used, it was put under the
sample stage but above the light source. The transmittance change was recorded at
different temperatures with a heating rate of 2 oC/min. The light transmittance of pure
arborol gel increased up to 10% when the temperature increased from 23 to 45 oC. On
the other hand, the transmittance of gel in gel decreased about 30 % from 23 to 45 oC,
which was half of the decline of the light transmittance without polarizer. Another
polarizer was inserted on top of the sample and crossed with the lower one.
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Figure 6-7. Light transmittance of arborol gel and gel in gel on heating at 2 oC/min.
Light went through one polarizer. The light transmittance of pure arborol gel increased
less than 5% when the temperature increased from 23 to 45 oC. On the other hand, the
transmittance of gel in gel decreased about 30 % from 23 to 45 oC.

Under crossed polarizers, the light passes through because of the existence of
ordered structure or multi-scattering of particles. Figure 6-8 is an image of gel in gel
below LCST under a crossed polarizer optical microscope. The birefringence structure
resembles that of the pure arborol gel but not as clear as that (Figure 6-9).

At

temperature above LCST, the sample was milky, and the structure was foggy (Figure
6-10). It looked like an obscure film covered the image. The structure recovered when
the temperature went back to room temperature.
The light transmittance of gel in gel under crossed polarizers is shown in Figure
6-11. It goes down about 5% and reaches its lowest point around 27 oC and then goes
up about 25% more than the initial transmittance at 45 oC, which is above the LCST.
As expected, the light transmittance of pure arborol gel exhibits roughly no change in

134

this temperature range. It is safe to say that the increasing light transmittance is from
the PNIPAM gel.

Figure 6-8. POM image of gel in gel below LCST

Figure 6-9. POM image of pure arborol gel at room temperature.
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Figure 6-10. POM image of gel in gel above LCST
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Figure 6-11. Light transmittance of arborol gel and gel in gel on heating at 2
C/min. Sample was placed between two crossed polarizers. It goes down about 5% and
reaches its lowest point around 27 oC and then goes up about 25% more than the initial
transmittance at 45 oC, which is above the LCST.
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6.4 Conclusion
Arborol gel (3% [9]-12-[9]) is formed in a solution of NIPAM and cross-linker
before the polymerization is initiated. The resulting PNIPAM gel has arborol fiber
network inside. On the other hand, the presence of arborol gel modifies the physical
properties of the PNIPAM gel. The LCST is decreased to around room temperature.
As a reminder for the results from the last chapter, the LCST of PNIPAM gel with
0.1% [9]-12-[9] is the same as pure PNIPAM gel. So the LCST of PNIPAM can be
adjusted by changing the arborol concentrations.
The addition of arborol gels into PNIPAM gel can modify the mechanical
properties of the PNIPAM gel, too. Tapping the vial, one can notice the vibration of the
pure PNIPAM in it. The PNIPAM gel is elastic, soft. With the arborol gel, the
PNIPAM# gel is rigid, with no obvious response to flicking.

It shows that the

mechanical properties of the PNIPAM gel change dramatically. In future work, the
rheology study on these gels is a good point to continue. It will help in understanding
the LCST variation, too. Certainly, successfully characterizing the tunnels in the gel
will make the material valuable in micro transportation and separation.
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CHAPTER 7. INTERACTION OF ARBOROLS WITH LIPOSOMES
7.1 Introduction for Liposomes
Liposomes were proposed as useful models for the cell membranes and brought to
the attention of the scientific world by A.D. Bangham.158 They may be defined as lipid
vesicles enclosing an aqueous space. Even cells themselves may be considered to be
just sophisticated types of liposomes.159 The properties of membrane preparation have
been researched extensively, and ingenious ways have been found for manipulating
them to check their sensitivity to heat, light, pH, magnetic field, and chemical
structure.160-162

Cell physiological properties such as permeability, fusion, and

membrane-bound enzyme properties can be studied in great detail with these artificial
membrane vesicles.163;164 The potential of liposomes in the medical field has been
realized to a large degree, and applications in the areas of drug delivery agents,
diagnosis, immuno-modulation, and genetic engineering have been identified and
developed.165-167
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Figure 7-1. Structure of DOPC

Liposomes used in this dissertation are phospholipid membranes except as
indicated. Phospholipids are the major structural components of biological membranes;
the most common phospholipids are phosphatidyl choline (PC) molecules, which have
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a hydrophilic polar headgroup and hydrophobic acyl hydrocarbon chains. Figure 7-1 is
shown the structure of 1,2-Dioleoyl-sn-Glycero-3-Phosphocholine (DOPC). This lipid
is used extensively in the work described here.
Phospholipid
temperatures.168

membranes

can

exist

in

different

phases

at

different

This can be confirmed by physical techniques with increasing

temperature.169-171 The most often observed phase transition is from gel or solid phase
to liquid crystal phase. Membranes made from egg yolk lecithin have a transition
temperature from -15 oC to -7 oC, from mammalian sources in the range 0 to 40 oC. It
is important to understand the phase transitions and fluidity of phospholipids
membranes because they determine the permeability, fusion, aggregation, and protein
binding, all of which can markedly affect the stability of liposomes and their behavior
in biological systems.
Amphiphilic lipids tend to adopt specific aggregates in aqueous solution above
the critical micelle concentration (CMC). The tendency is to avoid contact between
their hydrophobic alkyl chains and the aqueous environment. Such lipids can form
monomolecular layers at the air-water boundary and bimolecular layers between two
aqueous compartments.

Micelles are spherically closed monolayers, whereas

liposomes are closed bimolecular vesicles possessing a bilayer structure.
Liposome membranes are semi-permeable, which means some things can pass
through them by osmosis and diffusion. The rate of permeation of a molecule will vary
depending on its size, polarity, charge, and concentration on the inside of the membrane
versus the concentration on the outside of the membrane. The following are samples
that can pass through the membranes: hydrophobic molecules (oxygen nitrogen,
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benzene); small uncharged polar molecules (H2O, urea, glycerol, CO2); large uncharged
polar molecules (glucose, sucrose); ions (hydrogen ion, sodium ion, calcium ion, and
chloride ion).
Phospholipids can form monolayers on water.172 Films of lipids at the air-water
interface are used with increasing frequency as model systems to study physical
properties of membranes and the interactions of lipids with other components of
biological membranes.173;174

McConnell found that the dipalmitoyl-phosphatidyl-

choline (DPPC) formed chiral solid domains by a rapid compression at a rate of 2%
decrease in area per second.175;176 There are reviews for the microphotographs of lipid
monolayers and experimental observations that are best understood by Möhwald and
McConnell.161;162 Collapse of monolayers was studied by Knobler.177;178
Liposome properties vary substantially with lipid composition, size, surface
charge, and the method of preparation. They are therefore classified into four classes
based on their size and number of bilayers. These classes are multilamellar vesicles
(MLVs), small unilamellar vesicles (SUVs), which are under 100 nm in diameter; large
unilamellar vesicles (LUVs), larger than 100 nm in diameter; and giant unilamellar
vesicles (GUV), which are bigger than 1 µm. MLVs are easily prepared and require
minimal laboratory equipment; however, they have a low encapsulation capacity
compared to large unilamellar liposomes.179

There are many ways to prepare

unilamellar liposomes: sonication, reverse phase evaporation (REV),117 extrusion, etc.
Extrusion of MLVs through polycarbonate filters was originally practiced for liposome
preparation by Olson, et al.118 It is currently one of the most commonly used procedures
for reducing liposome size and producing unilamellar vesicles on a research scale.
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Repetitive freeze-thaw cycles applied with extrusion can remove the heterogeneity of
the solute distributions180 and dramatically enhance trapped volumes and trapping
efficiencies.119
There are many methods to get trapping parameters. Chemical analyses are
carried out to check the components of liposomes.159 This part will not be discussed in
this report. The intact properties, such as material entrapped, permeability, lamellarity
and estimation of liposome size, are important parts of this report.

31

P NMR is one of

the most accurate and straightforward procedures for determining the trapping
efficiency and lamellarity of liposome.181 Hope, et al., used
phospholipid phosphorus signal intensity.

31

P NMR to monitor the

Particularly, adding an impermeable

paramagnetic or broadening reagent to the external medium will decrease the intensity
of the initial 31P NMR signal by an amount proportional to the fraction of lipid exposed
to the external medium.179;182;183 They found that the freeze-thaw method can enhance
the trapping efficiency of unilamellar liposomes made by extrusion.

31

P NMR also can

be used as a complementary technique to electron microscopy for size determination of
liposomes.184

Freeze fracture transmission electron microscopy gives a qualitative

indication of lamellarity and provides a unique view of internal lamellae when crossfracturing occurs.185;186

Hallett, et al., developed an effective method for the

determination of membrane thickness using small angle neutron scattering (SANS)187
and found that the unilamellar membrane thickness of DOPC was 32.0 ± 0.4 Å.
Dynamic light scattering and static light scattering are important methods to measure
the vesicle size, polydispersity, and shape. Hallett and coworkers found that the
number of extrusion passes and buffer or solute affected the shape of DOPC vesicles.188
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The ratios of Rg/Rh were between 1.14 to 1.44, which indicated nonspherical (or
perhaps multilamellar) properties of the vesicles (for thin sphere bubble Rg/Rh=1). The
vesicles extruded in the presence of solute or buffer can be spherical, prolate or any of
a variety of morphologies.189-192 Exposure of spherical vesicles to hyper-osmotic shifts
results in changes to vesicle shape or apparent size. The nature of these shape changes
appears to depend on the initial vesicle size, composition, or initial shape state.193-195
Understanding the behavior of liposomes in biological systems, such as their
interactions with cells and organs, is useful to combat diseases. Medical advancements
are geared towards finding treatments that target the diseased site without causing harm
to other parts of the body. The use of liposomes does not solve this problem, but it has
helped to close the gap.196
Membrane fusion is an important way to transfer materials between cells. The
fusion process involves the merging of the membranes of two different organelles and
the mixing of aqueous compartments encapsulated by these membranes.164 Liposomes
are employed as artificial organelles to study membrane fusion. A lot of review papers
focus on membrane fusion.165-167;193;197;198
As discussed in the former chapters, two-directional arborols are bola-form
amphiphiles.

They form hydrogels.

Inside the gels are bundles of fibers.

To

encapsulate arborol fibers inside of the liposomes is the goal of this research project,
which can be applied as a delivery system. In this chapter, the interaction of arborols
with liposomes is discussed in three forms: the first is the preparation of liposomes
(LUVs) in the presence of arborols; the second is the discussion of shape changes
induced by arborol fibers as characterized by light scattering and FPR; the third focuses
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on preliminary results of encapsulating arborol fibers by giant unilamellar vesicles.
The interaction of melittin with liposomes is used as a model to check the abilities of
FPR on size changes of liposomes.

7.2 Materials and Methods
7.2.1 Materials
1,2-Dioleoyl-sn-Glycero-3-Phosphocholine (DOPC) and 1-Palmitoyl-2-[12-[(7nitro-2-1,3-benzoxadiazol-4-yl)amino]dodecanoyl]-sn-Glycero-3-Phosphocholine
(NBDPC) were purchased from Avanti in a chloroform solution, at a concentration of
10 mg/mL, and stored in the freezer at < 0 oC. Additional chloroform (99.9 + % HPLC
grade) was purchased from Aldrich Chemicals. Sodium chloride (NaCl) and sodium
phosphate anhydrous (Na2HPO4) were purchased from EM Sciences.

Methanol

(A.C.S. certified) was bought from Fischer Chemicals. All the chemicals were used as
provided without further purification. The arborol [9]-12-[9] was provided by Dr.
Keunok Yu.
7.2.2 Preparation of Small Unilamellar Vesicles (SUVs)
Four different liposomes, SUVs, were prepared. The first two used DOPC only,
with one being extruded through polycarbonate membranes that were 10 years old. The
third preparation involved introduction of [9]-10-[9] in the preparation of DOPC
liposomes, and the fourth route added NBDPC as a fluorescent marker in the DOPC
layers. The details about liposome preparation are listed in Table 7-1.
Liposomes were prepared by the “handshaken” method.159 Into a 100 to 150-ml
round-bottomed flask, 10 mg of lipid chloroform solution was introduced using

143

disposable BD latex-free syringes and 23G1 needles. Additional chloroform (1-2 mL)
was added via pipette to ensure sufficient volume for optimal film formation. The
chloroform was removed under a Buchler Instruments rotary evaporator for 15 to 20
minutes. Nitrogen was introduced to return the evaporator to ambient pressure. The
resulting film was allowed to dry at least two hours at room temperature, 2 mmHg to
remove trace solvent residue. The completely dry lipid film was hydrated with 2.0 mL
of a 2.5 mM sodium phosphate, 10 mM NaCl (pH=7.4 to 7.5) buffer to form a
suspension of multilamellar vesicles (MLVs). The MLV solution was frozen in liquid
nitrogen and thawed in hot water (60 oC). After five times frozen-thaw cycles, the
mixture was extruded twenty complete cycles through a 100 nm pore-size Avestin
polycarbonate filter on a liposofast-basic manual extrusion apparatus. The extruded
vesicles had an average diameter between 100 and 120 nm. The lamellarity of the
vesicles was determined by a multi-angle dynamic light scattering and static light
scattering. The ratio of Rg vs Rh was calculated and will be discussed later in this
chapter.
The method to make the third type of liposomes involved introduction of the
two-directional arborol [9]-10-[9] into the lipid solution. The mole ratio of arborol to
lipid was 1 to 4. Liposomes were prepared by the “handshaken” method described
above. Five freeze-thaw cycles and 20 cycles of extrusion were applied. Size and
lamellarity of these liposomes were determined by DLS and SLS.
The fourth type of liposome preparation involved mixtures of NBDPC and
DOPC. The mole ratio of NBDPC to DOPC was 2%. Liposomes were prepared by the
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same method as that of the third type. Table 7-1 lists the differences of these four
liposomes.

Table 7-1. Methods for preparing different types of liposomes
Type
1
2
3
4

Membrane
10 years old
Brand new
Brand new
Brand new

DOPC
100%
100%
75%
98%

[9]-10-[9]
0
0
25%
0

NBDPC
0
0
0
2%

7.2.3 Preparation of Giant Unilamellar Vesicles (GUVs)
The GUVs were prepared according to the literature199 with modifications. To a
50 mL round-bottomed flask, 20 µL 0.1 M DOPC chloroform solution, 150 µL
methanol, and 7 mL water were added. If the arborols were to be entrapped, 7 mL
0.4% [9]-12-[9] aqueous solution was used instead of water. To make fluorescently
labeled GUVs, extra 17 µL NBDPC (1 mol% of DOPC) was added. The organic
solvents were removed in a rotary evaporator at 40 oC, 10 mmHg for 2 to 5 minutes.
An opalescent liquid mixture was obtained in the end.
7.2.4 Cross-Polarized Optical Microscopy (POM) and Nomarski Microscopy
Cross-polarized optical microscopy studies were made on an Olympus-BH
outfitted with a SIT-66DX digital camera. The mixture was added by suction to a one
end flame-sealed rectangular microslide (0.1 x 4.0 mm, Vitro Com Inc). The solution
was centrifuged to the sealed end of the microslide. The other side of the microslide
was flame-sealed. The Nomarski microscope was carried on a Nikon Microphot-FXA
microscope equipped with spot camera from Diagnostic Instruments, Inc.
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7.2.5 Fluorescence Microscopy (FM)
Fluorescence microscopy was carried out on a Metallux 3 from Technical
Instrument Company, equipped with an MTI Sit66 camera. An FITC filter was used.
Two

fluorescence

markers

were

used.

One

was

5-(4,6-dichlorotriazinyl)-

aminofluorescein (5-DTAF), (excitation 492 nm, emission 511 nm); the other was
NBDPC (excitation 470 nm, emission 520 nm). The labeled sample was added by
suction to a one end flame-sealed rectangular microslide (0.1 x 4.0 mm, Vitro Com
Inc). The solution was centrifuged to the sealed end of the microslide. The other side
of the microslide was flame-sealed.
7.2.6 Atomic Force Microscopy (AFM) and Transmission Electron Microscopy
(TEM)
The experiment was carried out on a Digital Instruments Nanoscope III
multimode AFM in Tapping Mode. The tip is a silicon nitride probe from Digital
Instruments, type NP-S.

The solution was applied on either a freshly cleaved

hydrophilic mica surface or hydrophobic graphite surface and allowed to dry for five
minutes before it was put into the microscope.
TEM measurements were carried out on a JEM-100CX (JEOL, Ltd) in the
conventional transmission mode using 80 keV. The sample was stained by uranyl
acetate.
7.2.7 Static Light Scattering (SLS)
For static light scattering, 14 angles from 35 to 120o were measured.

The

intensity used for the Guinier plot was the average of a 10-second run. The intensity
was corrected by removing the dark count (the count of solvent only) and then
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normalized by sin θ (θ is the scattering angle.). Rg can be calculated from the slope of
the linear fit of the Guinier plot. Please refer to Chapter 4 for the principles.
7.2.8 Dynamic Light Scattering
DLS was carried out at six different angles from 30 to 90 degrees. The optical
settings for the instrument remained constant for all experiments, and only the
collection duration varied with samples. The beam was viewed at each angle to verify
focus, to check for optical anomalies such as bubbles/stray light in the vat, and to check
for dust.

The collection duration varied with scattering angles; the lower angles

involved use of a longer collection duration. The data were analyzed by Laplace
inversion using cumulant and one simple-exponential fit. From Gamma vs q2 plots, the
diffusion coefficient can be obtained, and then Rh can be calculated by using Stokes’
law. Please refer Chapter 4 for principles.
7.2.9 Fluorescence Photobleaching Recovery (FPR)
FPR is a relatively new and powerful diffusion technique. Here, a brief summary
of FPR is given, and the details can be found in other sources.200-203
The setup of FPR used in our lab is bleaching a fringed pattern on the sample.
The fringed pattern is obtained by using a Ronchi Ruling at the rear image plane of the
microscope objective lens. An AC voltage represents the contrast between the bleached
patterns and nonbleached ones and decays exponentially at a rate proportional to the
diffusion coefficient: AC volts=exp (-Гt), Г=DK2. Here, D is the tracer self-diffusion
coefficient and K is the grating constant. K=2π/L (L is the period of the repeat patterns),
t is the time since photobleach. According to the Stokes-Einstein relation D=kBT/(6
πηRh), the size information can be obtained.
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Figure 7-2. Scheme of fluorescence photobleaching recovery instrument
(AOM=acousto-optic modulator; DAC = data acquisition and control interface; DM =
dichroic mirror; OBJ = objective; PA = preamplifier; PMT = photomultiplier tube; RF =
radio-frequency driver for AOM; RR = ronchi ruling; S = shutter; TASP = tuned
amplifier/synchronization/peak voltage detection circuits; TS = transverse slide.)
The setup of FPR is shown in Figure 7-2. The central component of the FPR is an
Olympus BH2 epifluorescence microscope whose illuminator assembly is modified to
allow illumination by a light source. A Lexel EXCEL 3000 argon ion laser at 488nm is
used. The laser beam is passed through a Newport Research 35085 acousto-optic
modulator (AOM) driven by a modified 31085-6DS radio-frequency source from the
same manufacturer. The first-order diffracted beam, which is about 85% of the laser
output, is used for photobleaching. In this study, a fringed pattern obtained by placing
a movable diffraction grating (100 lines/inch), referred to as a Ronchi Ruling (Edmund
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Scientific) at the rear focal plane of the microscope objective, is used. The grating
constant, K=2π/L, where L is the period of the repeat pattern in the sample, results in
the pattern after bleaching. The patterned beam is deflected by a dichromic mirror and
focused by the microscope objective (X10) onto the sample which sits on a temperature
controlled stage. An RCA 7265 photomultiplier tube (PMT) receives the fluorescence
from the sample. The PMT is protected by a shutter (Newport 846 HP) that remains
closed during the photobleaching pulse. The intensity readout from the photometer is
fed to a computer equipped with a National Instruments’ multifunction card, driven by
LabView software.

7.3 Results and Discussion
7.3.1 Size and Lamellarity of SUVs
The size and lamellarity of liposomes were determined by SLS and DLS. SLS is
carried out at 15 angles, and the results are listed in the Guinier plot (Figure 7-3). The
radius of gyration is derived from the liner fit of plot.
DLS measurement was taken at six different angles. The results are listed as
Gamma vs q2 (Figure 7-4). The hydrodynamic radius is derived from the linear fit of
the plot. For spherical bubbles, which have an extremely thin surface layer compared
with the size of the whole sphere, Rg = Rh. Unilamellar liposomes are spherical bilayer
vesicles according to the early studies. The thickness of the bilayer is 3 nm for
unilamellar liposomes.187 For 100 nm diameter liposomes, if the value of Rg/Rh is
approximately 1, the liposomes are unilamellar. Based on this assumption, the shape
and lamellarity of the four liposomes are discussed and the results are listed in Table
7-2.
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Figure 7-3. SLS Results of Four Liposomes in Guinier plots, Rg was derived from the
slope of the linear fit.
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Figure 7-4. Gamma vs q2 plot of four liposomes from DLS results. Rh was derived from
the slope of the linear fit. Inset: plot of Rapp vs q2.
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TEM was also used to check the liposomes produced with 10-year-old
membranes. The TEM images indicated that the liposomes were multilamellar instead
of unilamellar. So the old membrane is not suitable for making unilamellar liposomes.
All the other liposomes were produced with new membranes.

Table 7-2. Size and lamellarity of liposomes
Old membrane
DOPC
DOPC-9109
DOPC-NBD
Rg
631 ± 3 Å
519 ± 3 Å
420 ± 2 Å
530 ± 3 Å
Rh
744 ± 11 Å
500 ± 7 Å
408 ± 4 Å
552 ± 5 Å
0.85
1.04
1.023
0.96
Rg/Rh
(Rg-t#/2)/Rh 0.83
1.01
0.99
0.93
Shape
---*
sphere
sphere
---*
Lamellarity Multilamellar
Unilamellar
Unilamellar
---*
Note:*It is hard to decide. # Here the t is the thickness of the bilayer membranes, t = 32 Å.
The introduction of [9]-10-[9] arborols (25 wt% of the mass of lipids) leads to
smaller sized liposomes. The liposomes with [9]-10-[9] are about 25% smaller than
those made with DOPC only. Where are the arborols in the liposomes? Why are the
liposomes smaller?

These questions can not be discussed because the requisite

equipment (freeze-fracture TEM or cryo-EM) is not available. While the size and shape
can not be determined, the apparent size change gives a hint that the interaction
between liposomes and arborols may be detected indirectly.
7.3.2 Indirect Studies of the Interaction of Arborols with SUVs
Eight different mole ratios of liposomes to arborols (L:A) were studied. The
interaction of arborols with SUVs was reflected the size changes of the SUVs measured
by FPR (Table 7-3). For arborols, 0.2% [9]-10-[9] was used. DOPC with 2 mol%

151

NBD-PC SUVs was selected in order to do the FPR. The arborol solutions and SUVs
were prepared separately. In all these eight samples, the same amount of SUVs (48 µL,
3.05 x 10-7 mol DOPC) was used; the ratio varied by adding a corresponding amount of
0.2% [9]-10-[9] and the samples were diluted to 0.64 mL with buffer.
Table 7-3. Sizes of liposomes at different lipid-to-arborol ratios (L:A)
No
L:A
Gamma
Size (Å)

1
1:8
0.026
562

2
1:4
0.027
550

3
1:2
0.027
545

4
1:1
0.025
590

5
2:1
0.026
569

6
4:1
0.028
534

7
19:1
0.030
488

8
L
0.033
451

Content of Liposomes
800

1.0

0.8

0.6

0.0

0.2

0.4

0.4

0.2

0.0

0.6

0.8

1.0

600

L:A=1:1

Size of Liposomes/Å

700

500

400

300

Content of Arborols

Figure 7-5. Size changes on liposomes at different L:A ratios. Size used here is Rh from
FPR.
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When the ratio of liposomes to arborols was 1:1, the size was the biggest and
almost one third larger than that of pure liposomes.
The sizes given in Figure 7-5 are not corrected by the viscosity of the solution, so
the viscosity of water is used instead; because both the arborols and liposomes are in
dilute solution (<0.2% for Arborols and <0.07% for liposomes). The function of the
FPR method was checked and confirmed by a model interaction between liposomes and
melittin.
7.3.3 Interaction of Liposomes with Melittin
Melittin,204 the main component of dry bee venom, is perhaps the most popular
model used to study the mechanism of the cytolytic process.205;206 It is a 26-residue
peptide and establishes a highly α-helix secondary structure207-210 in its crystalline state.
According to the sequence of the residues, the helix has one side that is hydrophilic and
the other one hydrophobic. It has one kink around position 14 because of the existence
of proline.211 Its properties may change when melittin interacts with liposomes and
some kind of tetrameric207-210 aggregations have been found. The tetramers inserted
into the liposomes cause pores which can be confirmed by the fast release of calcein in
the liposomes.212-214 With the information from oriented circular dichroism, neutron
diffraction and other instruments, it is believed that the pore is more like a toroidal
model than a barrel-stave model.215-218
Compared with the relatively small structure changes of melittin, the
morphological changes of liposomes are more obvious.219 The radius of liposomes can
be increased from below 100 nm to 1300 nm, or decreased to several nanometers.220;221
Liposomes are broken at this stage; they are the size of liposome fragments. The size
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increase results from fusion of several small vesicles.222-224 The size and shape of the
resulting liposomes are affected by temperature, ratio of melittin to lipid, lipid
composition.225-227 When the temperature is below the transition point and the lipids
are at gel state, only small unilamellar vesicles are morphologically affected by
melittin.220 So SUVs were made of DOPC with 2 mol% NBDPC and prepared by the
hand-shaken method with five freeze-thaw cycles.

These labeled liposomes were

unilamellar and had a very narrow size distribution around 550 Å, in both radius of
gyration and hydrodynamic radius.
It is known that at certain lipid-to-peptide ratio ranges, the size of the liposomes
will get big and then fall down. To confirm this result by FPR, interactions of melittin
with the labeled liposomes were checked with eight different melittin concentrations.
As described in the experimental section, interactions at two time stages were checked,
first at about one hour after the melittin was added, and the other five days later.
DLS provided supplemental information and helped verify the results from FPR.
The experiment was carried out at a 60-degree angle.

Multiple runs started

immediately after adding melittin and stopped around one hour after. The processing
time of each run was varied among 30 seconds, 60 seconds and 120 seconds according
to the coherence of the signal. A shorter time with good coherence was preferred. The
Rh values of the liposomes were the average of three runs around one hour and listed in
Table 7-4 along with the outcomes from FPR results. Table 7-4 lists the Rh values of
liposomes measured by both DLS and FPR at about one hour after the melittin was
added. For both methods, the trend of the size changes is similar. They all start from a
little bigger size than that of the liposomes. The size goes up with more melittin added,
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climbs to a maximum, and then goes down to almost the same size as that of the
starting liposomes. But differences are still there. Generally, FPR data have larger
error bars than that of DLS; FPR data have smaller hydrodynamic radii (Rh), except at
L:M = 360, 178 or 89. At L:M = 360, Rh from DLS reaches the maximum, where Rh
from FPR is only a little larger than the starting liposomes. At L:M = 178, Rh from
DLS goes down from the maximum, where Rh from FPR reaches its maximum. At
L:M = 89, Rh from DLS and FPR are the same value. The differences are induced
mainly by the following three causes.
Table 7-4. Interaction of Melittin with labeled liposomes.
Lipid-tomelittin Ratio
(mole ratio)
Lipid only
L:M = 1780
L:M = 890
L:M = 360
L:M = 178
L:M = 89
L:M = 36
L:M = 18
L:M = 4

Rh (Å) checked by
DLS one hour after
melittin was added
552 ± 5
582 ± 7
666 ± 23
1020 ± 17
815 ± 8
753 ± 45
724 ± 15
662 ± 8
622 ± 21

Rh(Å) checked by
FPR one hour after
melittin was added
456 ± 44
492 ± 40
500 ± 58
639 ± 80
1090 ± 188
781 ± 65
577 ± 135
524 ± 42
443 ± 26

Rh (Å) checked by
FPR sixth days after
melittin was added
456 ± 44
551 ± 21
498 ± 12
257 ± 51
497 ± 68
443 ± 53
697 ± 37
64 ± 30
15 ± 4

First, the mechanism of DLS and FPR is different. FPR measures the selfdiffusion of diffusivities of fluorescently labeled particles instead of mutual diffusion of
adjacent particles. In DLS the scattering intensity depends in part on the particle form
factor P(θ), which varies according to the size and the shape of the particle. In
solutions of particles with various sizes, the sensitivity is dominated by the larger
particles present as they scatter more strongly. The scattering angle selected also
affects the results. This dependency is not present in FPR because it operates over a
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longer distance scale (2π/K as compared to 2π/q in DLS) and is therefore not sensitive
to intra-particle diminution of signal. So it can measure practically any size typically
found in the suspensions. This can explain why FPR data provide smaller Rh.
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Rh/cm x10
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DLS
FPR

1000
800
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1E-3

0.01

0.1

Melittin Cotent /(mole ratio to lipid)

Figure 7-6. The Rh values at eight different L : M ratios by FPR and DLS at about one
hour after melittin was added

Second, the sample-preparing procedures are different. In DLS, melittin were
added to liposomes and mixed by shaking in a very short time. In FPR, melittin were
added to liposomes and mixed by shaking, then transferred to microslides and
centrifuged to the sealed side of the slide. One test experiment that has been done to
check the Rg changing by KMALS (Kinetic multiple angles light scattering) shows the
effects of procedures (Figure 7-7). The experiment was carried out on a modified
DAWN which can detect the intensity of scattering light every three seconds from
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multiple angles. According to the normalized intensity at different angles, Rg can be
derived from the liner fit of the Guinier plot.228 The KMALS was calibrated by latex
first. It is a real time experiment. In the experiment, calibration by latex and pure
solvents (water and toluene) was carried out before DOPC liposomes were checked.
The scattering intensity was normalized and the Rg was derived. In Figure 7-7, the size
of liposomes was checked first; then melittin was added to L:M = 70 without stirring,
and the size of the liposomes does not change much. After stirring, the size grows
bigger and bigger. This experiment indicates that the melittin can not distribute in a
liposome solution evenly and automatically. Stirring is necessary and important to
dispense melittin. It also indicates that the size change can be very big in a short time.
The size changes from 650 Å to 1100 Å in less than ten minutes. So the small
difference in sampling time can give many different sizes.
Third, the measurement procedures are different. In DLS, data were recorded
around 55 minutes to 65 minutes after the melittin was added and usually the data were
collected from the same spot. In FPR, data were recorded around 30 minutes to 90
minutes, and a different spot was used in each run because of the bleaching. In DLS
the run time is less than 2 minutes, but in FPR it takes longer. Bigger particles required
a longer time. Figure 7-7 and Figure 7-8 show the dependence of liposome size
changing on time. This can explain why the FPR data have large error bars when the
liposomes are big. Different sampling spots for the same sample can also cause larger
error bars, and it will be bigger if the size distribution is larger.
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Figure 7-7. Rg changing of liposomes after melittin was added, checked by KMALS.
Size of liposomes was checked first, then melittin was added to L:M = 70 without
stirring, and the size of the liposomes does not change much. After stirring, the
sizegrows bigger and bigger.
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Figure 7-8. Tracing the size changes of liposomes by DLS after melittin was added.

158

Above all, even the morphology changes of SUVs induced by melittin are
complicated; FPR can be used as a viable technique to follow the diffusion of labeled
liposomes in aqueous solutions. As discussed in the beginning of this section, DLS
failed to collect sufficient data to do the cumulant analysis when membrane-lysis
happened at a high melittin concentration (Table 7-4). To fix this problem, FPR was
also used to check the size of liposomes after five days the melittin were added. Figure
7-9 shows both the data at around one hour and five days after after melittin is added to
the liposomes. At the liposome-to-melittin ratios larger than 890, the average size of
liposomes is almost the same at one hour and on the sixth day. When the liposome-tomelittin ratios are smaller than 360, the average size drops obviously after five days at
room temperature. When liposome-to-melittin ratios are 18 and 4, the Rh of vesicles is
decreased to less than 100 Å; it is 64 ± 30 and 15 ± 4 Å respectively. They might be
minced micelles after the membrane-lysis.
These results are consistent with previous reports.220;221;223 It has already been
established that the action of melittin at high concentrations (L:M = 18 and 4) leads to
the formation of micellar structures.220;221 At low melittin content (L:M = 1780 and
890), slight changes in vesicle size are well documented and are attributed to the
perturbations due to the initial adsorption of melittin onto the lipid membrane.221 At
ratio, L:M = 360, 178, 89 and 36, the significant size increase are induced by the
aggregation of a number of vesicles.220;221;223
In comparing the interaction of arborols and liposomes with melittin and
liposomes, the size change of liposomes by arborols is small.

The largest size

increasing is only one third larger than the original liposomes size. The liposomes will
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not be destroyed by arborols even at low L:A ratios. It is possible to encapsulate
arborols with liposomes in lower L:A ratios.
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Figure 7-9. Rh values of liposomes at eight L:M ratios by FPR at about one hour and five
days after melittin was added.

7.3.4 Encapsulation of Arborols
The idea to encapsulate arborol fibers in GUVs came from simulating sickle cell
disease. Sickle cell is a genetic disease that is found in some people of African and/or
Mediterranean descents. The normal red cell has a disk-like shape. If the hemoglobin
forms fibrous gel by self-assembly under low oxygen conditions, the red cell is sickle
like. Sickle cell disease can cause anemia and death. The two-directional arborols
become fibers by self-assembly. If the arborols are encapsulated in the liposomes
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which are artificial cells, will they still grow fibers, and will the shape of the liposomes
change? Two methods have been tried. One is using microinjection techniques. The
other simply prepares the GUVs in arborol solutions instead of buffer solutions. The
microinjection techniques are widely applied in the fertility field, like developing a test
tube embryo, cloning, and so on. In this method, two micropipettes controlled by
micromotors are manipulated on a microscope stage; one pipette holds the liposome,
the other penetrates the liposome and injects arborol solution in it. Only one test try has
been done; no results will be discussed in this dissertation. The second method is easier
to be carried out and some preliminary results are shown in the followings.
This section will present GUVs without arborols and then the new phenomena
after arborols are added. POM, Nomarski microscope and FM have been used to
confirm the existence of fibers in large scales. TEM and AFM have been checked to
test the fibrils in the solution on a smaller scale.
A confocal fluorescence microscope image of DOPC GUVs with 2 mol%
NBDPC markers in water was showed in Figure 7-11. The size of the GUVs was not
uniform. It ranged from 1 µm to 100 µm. If 0.4 % arborol [9]-12-[9] was used instead
of pure water, both GUVs and tangled fibers could be found by the fluorescence
microscope (Figure 7-11).

It was an interesting thing.

Under the fluorescence

microscope, fibers had been located in 3% arborol gel but not in arborol solutions in
concentration as low as 0.4%. In 0.4% aqueous solution, the [9]-12-[9] did not form a
gel, and there were no fibers that had been visualized under microscopes like POM and
FM, because the bundles of arborol fibrils were too thin to be found in the resolution
range of these optical microscopes, but fibrils were obtained by TEM or AFM. The
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width of the fibrils was less than 100 nm, which was theoretically indistinguishable to
optical microscopes. The presence of fibers in 0.4% [9]-12-[9] under FM (Figure 7-11)
indicated a reorganization of arborol fibrils. Some of the fibril bundles joined together
to form thicker bundles which are big enough to be seen by FM. As a reminder, the
fluorescence marker was NBDPC.

If the arborol fibers were detected by FM, it

indicated that the lipids stuck on the fibers or took part in the self-assembly of arborols.
As a result, it reorganized the fibrils and formed bigger fibers. To the contrary, if
DTAF-labeled arborols were used as markers, neither GUV nor fiber were found by
FM. The DTAF dye is not an efficient fluorescence marker for this system.

Figure 7-10. Confocal fluorescence microscope image of NBD-GUVs.
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Figure 7-11. Confocal fluorescence microscope image of NBD-GUVs with unlabeled
arborols. The presence of both GUVs and fibers was found when NBD-PC was used as a
fluorescence marker.

Figure 7-12. Laser confocal microscope image of NBD-GUVs (left) and unlabeled
arborol fibers in NBD-GUVs (right). The experiment was carried out in Dr.
Scrimivasarao’s laboratory at Georgia Institute of Technology. Wavelength of excitation
laser: 476 nm. Wavelength of emission light: 520 nm.
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In the presence of arborols, the properties of GUVs were changed, too. With a
polarized optical microscope (POM), new birefringence structures were found (Figure
7-13). The structures were different from those in arborol gels and had not been found
in pure GUVs either. POM and FM were carried out on the same microscope stage.
By doing this, the same spot could be checked by both POM and FM. In Figure 7-14,
the image on the left was from a fluorescence microscope, and on the right was from a
polarized optical microscope. The birefringence structures were from fluorescently
labeled GUVs. It suggested new anisotropic properties of the GUVs with arborols. It
was a piece of evidence that the ordered structures were in a globular shape.

Figure 7-13. POM image of NBD-GUVs with arborols. Strong birefringence structures
were found. The structures were different from those found in arborol gels and had not
been found in pure GUVs.
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The Nomarski microscopy could tell the structures in a very thin plane. Images
were taken at different focus lengths standing for different depths inside the sample.
One Normarski image was shown in Figure 7-15. It indicated that the fibers were
formed in a globular structure. At this point, it was hard to say whether the fibers were
encapsulated by the GUVs or the fibers were entangled in a globular shape.

At

different depths, the orientation of fibers varied, which showed the existence of
different fibers at different depths. It was different from pure arborol fibers (Figure
7-16). Without lipids, the fibers formed by arborols were not globular at all.

Figure 7-14. Fluorescence microscope image (left) and POM image (right) for same spot
of NBD-GUVs with arborols. The birefringence structures were from the fluorescently
labeled GUVs, which had not been found in either pure GUVs or arborol solutions.
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Figure 7-15. Image of NBD-GUVs in 0.4% arborol solution under Nomarski
microscope. Globular structures were found. Fibers were found in the globular
structures or on the surface of the globular structures. At different depths, the orientation
of fibers varied, which indicated the existence of different fibers.

Figure 7-16. Normaski microscope image of fibers in a 3% [9]-12-[9] arborol gel.
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AFM and TEM were used to check fibrils in the sample because they had higher
resolution and could see a smaller size. In Figure 7-17, some knots were found in TEM
images. They look like fibrils tangled together, and short fibrils are inside these knots
(Figure 7-18). To the best of our knowledge, no such knot has been found in pure
arborol fibers. It was another piece of evidence that the existence of lipid changes the
fiber properties.

Figure 7-17. TEM image for GUVs with 0.4% [9]-12-[9] arborols. Knots of small fibers
were found.
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Figure 7-18. Enlarged image of a knot in Figure 7-17

The AFM was carried out in tap mode. Two kinds of surfaces were tried. One
was on mica, which was a hydrophilic surface; the other was on graphite, a
hydrophobic surface. Both lipids and arborols were amphiphiles. One expectation was
that the GUVs with arborols might behave differently on these surfaces. No significant
difference was found on these two types of surfaces. The fibers formed in GUVs with
arborols looked curved and were not as rigid as pure arborol fibers. Fibers formed by
arborol only were straight and the edges are smoother.
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Figure 7-19. AFM image of GUVs with 0.4% [9]-12-[9] arborol on mica in Tapping
Mode.

Figure 7-20. AFM image of 0.2% [9]-12-[9] arborol on mica inTapping Mode.
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7.4 Conclusion
The interaction of arborols with liposomes was checked in three ways. The first
one introduced arborols during the preparation of SUVs; the second one tested the size
change of SUVs by adding arborol solutions; the third one was to encapsulate arborol
fibers by giant unilamellar vesicles (GUVs).
With SUVs, the interaction was reflected in the size change of liposomes. If the
arborol was added during the preparation of SUVs, the product SUVs had a smaller
size. When 25 mol% of arborol [9]-10-[9] was mixed with 75 mol% DOPC to prepare
SUVs by handshaken method, the resulting SUVs was 25% smaller than pure DOPC
liposomes.

If arborols were added to DOPC SUVs, the liposomes’ size varied

according to the mole ratio of lipids to arborols. FPR was used to check the size
change of eight ratios. The largest change occured at L:A = 1:1, at which the size was
almost one third larger. All the other ratios were either the same or slightly bigger.
To check the function of FPR, interaction of melittin with liposomes was used as
a model and tested with DLS and KMALS.. Eight liposome-to-melittin ratios were
tried, and the results from FPR agreed well with those from DLS and KMALS and
were in good agreement with literature results as well. FPR can be used as a viable
technique to follow the diffusion of labeled liposomes in aqueous solutions. In a
problem set, DLS failed to collect sufficient data to do the cumulant analysis when
membrane-lysis happened at a high melittin concentration; on the other hand, FPR had
been proved to be successful. Because FPR operates over a longer distance scale (2π/K
as compared to 2π/q in DLS) and is therefore not sensitive to intra-particle changes. So
it can measure practically any size typically found in the suspensions.
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With GUVs, arborol fibrils tangled together to form big fibers and fibers clogged
in a globular structure. FM and POM were put on the same stage to view the same spot
of the GUVs with 0.4% [9]-12-[9] arborol. Fibers and GUVs were both found under
FM when NBDPC was used as a fluorescence marker. Strong birefringence structures
were found in the arborol GUVs under POM. In addition, Nomarski revealed that the
fibers were inside the globular structure.
All these phenomena prove that the presence of lipids causes the reorganization of
arborol fibrils, and the fibrils get bigger as fibers, and the fibers entangle together, but it
is still not clear whether the arborol fibers are encapsulated by the GUVs or not. In the
future, using freeze fracture TEM and cryo-EM, this problem might be answered. Also,
if the microinjection method is working, one might see the arborol fibers grow in a
single GUV.
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EPILOG
In simple words, this dissertation is about some soap-like molecules which can
form fibers in water, and the fibers hold water like jelly. Technically, these molecules
are a series of bolaform amphiphilic dendrimers, two-directional arborols. The arborols
dissolve in water at about 90 oC, and the solution forms a reversible gel at room
temperature. Inside the gel, fibers networks have been found. It is believed that
bundles of fibers strengthen the gel. The fibers are the results of self-assembly of
arborol molecules.
The synthesis of arborols and some physical properties of arborol fibers are
introduced in Chapter 2 and Chapter 3. Images from POM (Figure 2-22), Nomarski
microscopy (Figure 7-16), and Confocal FM (Figure 2-24) show how the arborol
gels/fibers look like at micron meter size. Besides images, the existence of fibers in
arborol gels is further confirmed by SAXS, and the diameter of the basic building fibers
is also determined by SAXS at different concentrations and temperatures. If the cross
section of the fibers is a disk, its diameter is 8.3 nm. This diameter is three times of the
biggest length of a two-directional arborol molecule, which indicates multi-strands in
the gel (SAXS is discussed in Chapter 3). Down to the molecular level, WAXS results
agree well with the simulation results from previous literature (Figure 2-2) which
explained how the arborol molecules stack to form fibers.
The microscopy, SAXS, and WAXS are all static methods. In Chapter 3, a
dynamic method, FPR is used to check how things move in the gel. A series of
fluorescently labeled dextrans with Rh from 1.3 to 20.7 nm are selected as probes. The
diffusions of each probe in water, 3% and 6% arborol gels are almost identical. This is
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especially true for small size dextrans. Water is a good solvent for dextrans. If dextrans
diffuse in arborol gels as fast as they do in water, the water in the gels is free and the
pores are big inside the fiber networks in the gels.
The fibers exist not only in gel state but also in diluted solutions, as low as 0.1
wt%. Under AFM or TEM, the fibers are more than several micron meters long and
have an average diameter around 20 nm. The self-assembly and its inhibition in
arborols have been studied in diluted solutions, in Chapter 4. The fibers can be broken
into 100 nm narrow-size-distributed fragments by combination of sonication and
filtration. The fiber fragments grow in length only, not in width. They extend in a
constant rate in the beginning. Their growth slows down after several days. In a tested
concentration range, from 0.1% to 0.2%, the higher the concentration is, the faster the
fragments grow.

The Rh of these fragments is used to evaluate their size. It is

calculated from the linear fit of Gamma vs. q2 at five angels and measured by DLS in
continuous days. If one-directional arborols (Surface properties of one-directional
arborols are shown in Chapter 2.) are involved in the extension of the fiber fragments,
the growth of the fragments slows down and is inhibited. TEM images visualize the
length increasing of the fragments and support the inhibition results.
Addition of one-directional arborols does not terminate the growth of fibers.
Instead of stopping the expansion of fibers, dismantling of “grown-up” fibers is
discussed in Chapter 5.

In neutral or basic arborol solutions/gels, the fibers are

disassembled by adding gold ions. Also, Au NPs with diameter smaller than 50 nm are
prepared in [9]-12-[9] solutions or gels. In the formation of Au NPs, the arborols act as
both reducing agents and stabilizers against sedimentation. In return, hydroxy groups
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in arborols are oxidized to enol or carbonyl groups, which disrupt the intermolecular
forces which hold the arborol molecules together. As a result, the fibers are destroyed.
Based on the theory of self-assembly and disassembly of arborol fibers, an idea is
proposed in Chapter 6 to make nano-tunnels in hydrogels. To realize this idea, two
steps are designed and carried out: first, the arborol fibers are implanted in PNIPAM
gels or PAA gels; second, the fibers are replaced by water. The arborol fibers have
been successfully implanted in the PNIPAM or PAA gels, and the LCST of PNIPAM
gels with arborol fibers has been determined by DSC and light transmittance. For
arborol fibers in PAA gels, to remove the fibers, one can heat the gels and extract the
dissolved arborols by adding water on top of the gels. The arborols are melted at 80 oC
and partially pulled out by the water on top while the volume of the PAA gels does not
change much. By repeating the heating and extracting process several times, most of
the arborols are taken out of the gels, and tunnels form. A method that might dismantle
the fibers and get tunnels at the same time without heating is tried. It applies the
strategy described in the Chapter 5: by introducing gold ions, the hydroxy groups in
arborols are oxidized and the fibers are disassociated. The advantage of this method is
to produce Au NPs and simultaneously get nano-tunnels. Au NPs with an average
diameter around 20 nm have been successfully produced inside the PNIPAM* gel. The
verification and characterization of the nano-tunnels using cryo-TEM or freeze-fracture
TEM will be part of future researches.
Instead of growing fibers in the whole solution, encapsulation of the selfassembly fibers in GUVs is discussed in Chapter 7. Two methods have been tried.
One is using micropipette injection. The other is preparing GUVs in 0.4% arborol

175

solutions instead of buffer solutions. Using the second method, aggregates of fibers in
globular structures are found by Nomarski microscopy and laser confocal microscopy.
Further investigation is needed to confirm whether the arborol fibers are in GUVs or
not. This is another project in future researches. It is also important to find out why
and how the globular aggregates of fibers form. The micropipette injection method
might be a good way to solve these problems. With micropipette, arborol solutions can
be injected into one GUV. Visualizing the formation of fibers and morphology changes
of the GUV will help.
Besides the future projects mentioned in Chapter 6 and 7, rheology studies on
arborol gels are planned to be fulfilled in the near future to understand the
viscoelasticities of the gels. A few interesting or bold ideas are listed as follows in
attempt to intrigue real innovative proposals. 1. To try the inhibition strategy on β–
amyloid fibrils. Will the one-directional arborols slow down the aggregation of the
protein fragments if they are mixed with β–amyloid? 2. To prepare cubic/cylindrical
PNIPAM microgels. Most of the PNIPAM particles in microgels found in the literature
are sphere. Why not cubic or cylinder?

Furthermore, will it be possible that use

arborols as reducing agents and produce exactly one Au NPs directly in one particle?
3. One-directional arborol, [9]-6, forms poly-dispersed aggregates at concentrations
above its CMC in water. The aggregates are hold by intermolecular forces. Hydrogen
bonding plays an important part. If mixtures of D2O and H2O are used as solvent
instead of pure H2O will the aggregates become mono-dispersed?
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